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SUMMARY 
Conventional rapid sand filter design criteria deal almost exclu­
sively with physical and mechanical filtration variables such as sand 
size, bed depth, and flow rate. The purpose of this study is to evaluate 
the chemical aspects of the rapid sand filtration process. 
Four model filters were designed to ascertain the effects of va­
rious selected chemical systems on the removal of hydrous ferric floe. 
These effects were characterized by the rate of filter bed clogging as 
measured b y head loss increase and rate of penetration of floe into the 
filter bed. 
The effects of 50 m g / l of N a C l , N a ^ O ^ , Na^PO^, and M g C l 2 in de-
mineralized water were evaluated. Later studies employed aqueous sys­
tems containing 25 mg/l of chloride, sulfate, and phosphate ions at pH 
levels of 5*0, 7-0, and 9* 5* Effects of these latter systems on the fil­
tration process were compared with filters receiving ferric floe suspended 
in demineralized water. 
Microelectrophoretic mobility measurements were employed to de­
termine the effects of these various chemical systems on the surface 
characteristics of the ferric floe particles and floated silica sand. 
Improved filtration was correlated with decreasing negative mobilities 
of the flocculant suspensions. Poorest filtration was observed at pH 9*5 
for all systems analyzed. Phosphate ions were found to have very signifi­
cant effects on filtration at all pH levels. 
A thorough review of possible particle collection mechanisms is 
ix 
sented. These mechanisms are discussed in connection with the results 
these and other filtration studies. 
This study has resulted in the following conclusions: 
1 . The removal of ferric floe from suspension during rapid sand 
filtration as evaluated b y head loss increase and rate of bed 
penetration can be significantly affected and, in fact, con­
trolled by the chemical composition of the aquecus suspending 
medium. 
2 . Electrokinetic effects resulting from the charged surfaces of 
the sand filter medium and the suspended floe particles as de­
termined by microelectrophoretic mobility measurements provide 
the most important particle collection mechanism in the rapid 
sand filtration of hydrous ferric oxide floe. 
3 . Phosphate ions exert very significant effects in the filtra­
tion of ferric floe, as characterized by a marked decrease in 
clogging rate and a corresponding increase in the rate of floe 




Water filtration may be described as the process by which water 
is separated from suspended matter by passage through a porous medium, 
usually sand. Although this process has been used in water purifica­
tion for some 4,000 years"*", particle removal mechanisms during filtra­
tion have not been clearly defined. This research was undertaken in 
order to provide a better understanding of the filtration process and 
to improve sand filter design. 
The "rapid sand filter" has gained the widest acceptance in this 
country for the filtration of municipal and industrial water supplies. 
Rapid sand filtration may be defined as a process in which water is pass­
ed through a porous bed at a rate of at least 2 gpm per sq ft of filter 
surface. Filter beds up to three feet in thickness are employed, and 
cleaning is accomplished hydraulically. 
Normally, raw water receives some sort of pretreatment prior to 
filtration. One or more of a number of processes m a y be employed de­
pending upon the characteristics of the raw water and the quality de­
sired after treatment. In many cases some type of coagulation process 
followed b y sedimentation precedes filtration. The filter is then 
called upon to remove those materials remaining in suspension after the 
settling process. This suspended matter generally consists of a small 
fraction of the raw water turbidity together with an appreciable amount 
2 
of coagulant. In most cases iron or aluminum salts are utilized as co­
agulating agents and the filter is then called upon to remove appreciable 
quantities of the hydrous oxides of these metals. The average diameter 
of these floe particles applied to the filters has been found to be in 
the order of about 20jj, and is considerably less than the average pore di­
ameter in the filter bed. 
It is postulated that physical removal mechanisms cannot adequately 
explain the removal of these materials from suspension during the filtra­
tion process. It is believed that chemical aspects of the rapid sand fil­
tration process play a much more prominent role than indicated by previous 






The earliest recorded instance of the filtration of impure water 
through sand is found in Susruta Sanhita, a medical treatise of the 
Hindus in India"*". In a more recent era, slow sand filters were intro­
duced in England in 1 8 2 9 , and rapid sand filters came into existence 
towards the end of the nineteenth century. Slow sand filters were in­
troduced into the United States in 1 8 7 2 with the first plar.t "being built 
2 
at Poughkeepsie, N e w York . Municipal rapid sand filters followed with 
the construction of a plant at Somerville, N e w Jersey in 1 8 8 5 . 
After the introduction of sand filters into this country, a long 
period followed during which attention was focused on refining the fil­
ter apparatus. A period of refinement in filter operation followed, af­
ter which emphasis was directed toward proper conditioning of the water 
prior to the filtration step. Only in recent years have significant ef­
forts been made toward determination of the mechanisms of suspended par­
ticle removal during filtration. 
The filtration process has been evaluated by previous investiga­
tors in terms of one or more of the following criteria: bed penetration, 
turbidity removal, head loss, and length of filter run. The importance 
of these criteria can be illustrated by considering a typical filtration 
run. 
k 
When turbid water is applied to a filter, the amount of turbidity 
diminishes as the water passes through the filter, resulting in a more 
3 
or less clear filtrate . A s the filter run proceeds, the bed becomes 
clogged, and in many cases the filtrate at first improves. Later it 
steadily deteriorates, and ultimately, if sufficient pressure can be 
maintained, the filtrate becomes as turbid as the influent. The clog­
ging of the filter is worst near the surface and as the run proceeds, 
gradually works down through the bed. The head loss depends on the de­
gree of clogging and most of the pressure drop occurs in the upper lay­
ers of the filter. However, as the clogging extends downward, the low-
er layers also contribute to the head loss . 
The primary purpose of a filter is to produce an aesthetically 
acceptable water. Since the operational limits of the filter are estab­
lished by the design, it is very important that all parameters of fil­
tration are considered during the design process. 
The filter must remove turbidity to an acceptable limit at an 
economic r a t e . If all the turbidity is removed at the surface, the 
head loss is great, the length of filter run short, and the operational 
costs high. On the other hand, if the turbidity readily penetrates the 
bed, a low head loss results, but the filtered water is not acceptable 
and again the length of filter run is short resulting in high cost. The 
ideal filter would share the removal burden throughout its depth, pro­
duce water of acceptable quality, and operate for a reasonable length of 
time resulting in a reasonable loss of head. 
Filter runs are usually terminated when one of the following occur i 
(l) all the allowable head loss is utilized; ( 2 ) the turbidity has pene-
5 
trated the bed resulting in unacceptable quality of water. Often an ar­
bitrary time limit is set for termination of filter runs since most fil­
tration plants do not have provisions for measurement of effluent tur­
bidity from each filter. Such a time limit may also be set to prevent 
penetration of bacteria when significant biological activity occurs within 
the filter bed. 
Filtration Variables 
Research by previous investigators has established that the fol-
k 
lowing factors can affect sand filtration: 
1. bed characteristics 
a. sand size 
b . sand shape 
c. surface properties of the sand grains 
d. packing arrangement of the sand grains 
e. bed depth 
f. bed porosity 
2 . suspension characteristics 
a. particle size 
b. particle shape 
c. particle density 
d. surface properties of the particles 
e. chemical composition of the particles 
f. chemical composition of the water 
g. water temperature 
6 
3 . operational characteristics 
a. flow rate 
b . backwashing procedure 
A review of these factors reveals that many are physical in na­
ture and are controlled by the design of the filter. Each is important 
but little can be done to affect filtration after the filter is con­
structed. The writer feels that these physical and operational variables 
have been thoroughly investigated and they will not be discussed here. 
O'Melia has presented a thorough review of these parameters. The in­
terested reader is also referred to the invaluable experiences of 
E a y l i s ^ and Hudson"'"^"'2"'". Chemical variables will be discussed in some 
detail later in the thesis. 
According to Ghosh , the first progress made in characterizing 
the flow of water through granular beds was by Darcy in 1830. His 
studies on the rate of flow of water through beds of sand of various 
thicknesses resulted in the familiar relation: 
Formulation of Filtration 
2 2 
V = 
where A P the pressure drop (ft) through the bed of thickness L 
( f t ) , 
V the average velocity of flow of the fluid ( f t / s e c ) , 
K a constant called the permeability which depends on the 
physical properties of the bed and the fluid ( f t / s e c ) . 
7 
This formula holds for all fluids flowing through granular "beds in the 
laminar flow regime. 
Considerable effort has "been directed toward evaluation of K, the 
permeability coefficient. In 1 8 9 2 Hazen suggested the following empir­
ical equation for approximating the permeability coefficient: 
K = C d 1 0 2 
where & ^ = Hazen's "Effective Size" of sand, which is the sieve 
size (mm) through which ten per cent of the material 
passes and 9 0 P e r cent is retained, and 
C = a coefficient approximately equal to 1 0 0 but varied 
between kl and lk6 for sand sizes between 0 . 1 and 3 mm 
and a uniformity coefficient less than 5« 
2k 
In 1 9 2 7 Kozeny extended the Poiseuille equation for laminar flow 
through capillary tubes and developed the following equation: 
f 3 
K = — 
K'iiS 2 ( 1 - f ) 2 
where K ?=» permeability coefficient, 
g = acceleration due to gravity, 
S = specific surface of particles, 
f = porosity of the media, 
K' = a constant, equal to 5 * 0 for spherical particles, and 
ji = viscosity. 
8 
25 
L = K d 1 ' 6 ^ - 6 0 
T + 10 
where L = r e q u i r e d f i l t e r d e p t h ( i n c h e s ) , 
d = sand g r a i n d i a m e t e r (mm), 
T = w a t e r t e m p e r a t u r e ( d e g r e e s F a h r e n h e i t ) , and 
K = c o e f f i c i e n t v a r y i n g a c c o r d i n g t o t h e w a t e r q u a l i t y . 
S t a n l e y ' s f o r m u l a t i o n i s f o r an 8 f o o t t e r m i n a l h e a d l o s s a t 25 
d e g r e e s c e n t i g r a d e : 
P - K d 2 A V - 5 6 
F a i r and Ha t ch i n d e p e n d e n t l y d e v e l o p e d an e q u a t i o n of t h e Kozeny form 
i n 1933* C a r m a n ^ , C o u l s o n ^ , and R o s e ^ ' ^ have a l s o made s i g n i f i c a n t 
c o n t r i b u t i o n s i n t h e e v a l u a t i o n of f l ow o f f l u i d s t h r o u g h p o r o u s m e d i a . 
The f o r m u l a e p r e s e n t e d so f a r c o r r e l a t e w e l l f o r t h e l a m i n a r f low 
of c l e a n w a t e r t h r o u g h r andomly packed p o r o u s m e d i a . I n f i l t r a t i o n , how­
e v e r , t u r b i d w a t e r a p p l i e d t o t h e f i l t e r r e s u l t s i n c o n t i n u o u s c h a n g e s 
i n t h e c h a r a c t e r i s t i c s of t h e f i l t e r b e d . These r e l a t i o n s h i p s , t h e r e ­
f o r e , o f f e r o n l y a s t a r t i n g p o i n t . 
A t t e m p t s t o c h a r a c t e r i z e t h e f i l t r a t i o n p r o c e s s have r e s u l t e d i n 
numerous e m p i r i c a l f o r m u l a e . Two o f t h e most f r e q u e n t l y q u c t e d were 
30 31 32 f o r m u l a t e d by t h e Amer ican S o c i e t y o f C i v i l E n g i n e e r s and by S t a n l e y ' 
The ASCE f o r m u l a t i o n i s f o r a t e r m i n a l h e a d l o s s of 8 f e e t , an 
e f f l u e n t c o n t a i n i n g 0 .2 m g / l of t u r b i d i t y o r l e s s , and a c o n s t a n t r a t e 
o f f i l t r a t i o n of 2 gpm p e r sq f t : 
9 
where P = depth of penetration of ferric floe (inches,), 
d = sand grain diameter ( m m ) , 
Q = rate of filtration (gpm/sq f t ) , and 
K = 6.k for the units given. 
Neither of these formulae give any indication of how either the 
quality of filtrate or the head loss will vary with time, or what will 
"be the effect of changing the depth of the filter. Since they are em­
pirical in nature, they can "be successfully applied only under the same 
conditions from which they were derived. 
Probably the first attempts at a rational analysis of the filtra­
tion process to correlate the time variation of the amount cf turbid 
33 
material remaining in suspension at a given depth were made by Iwasaki 
in Japan in 1937* Basically, he proposed that removal of suspended solids 
through the depth of a filter is exponential. The following formulation 
mathematically describes this relationship: 
C = C e " X L 
o 
where C q - initial (surface) concentration, 
C = concentration remaining at depth L, and 
\ = filter coefficient. 
The filter coefficient \ is dependent upon the nature of the s u s ­
pension, the rate of filtration, water viscosity, and the internal ge­
ometry of the porous filter. Since the internal geometry changes during 
filtration, \ is not constant. Using the same basic equation, Mackrle 
10 
34 35 
and Mackrle , and Ives have attempted to evaluate filtration. Most 
of their efforts were directed toward evaluation of the filter coeffi­
cient, \ . 
Mints developed a formulation for the filtration process "based 
on deposition on the filter grains on existing deposits, and "breakaway 
of existing deposits "by the flowing water. The differential equation de­
veloped states that the change (reduction) in concentration through a 
unit depth is proportional to the concentration at that depth less a pro­
portion of the existing deposit returned to the flow "by hydrodynamic 
shear. 
Possible Particle Collection Mechanisms 
A rational analysis of filtration requires that the primary par­
ticle removal mechanises) of the process "be defined. Over the years many 
such mechanisms have "been proposed "but no agreement has been reached on 
this topic. The following discussion presents a summary of proposed mech­
a n i s m s of particle collection within a filter. 
The writer chooses to discuss particle collection mechanisms rather 
than removal mechanisms since the former can "be better defined. For pur­
poses of discussion consider particles in suspension of radius R. A t any 
time that a suspended particle comes within a distance R of a sand sur­
face, it shall be considered removed. Whether or not a particle remains 
or later penetrates deeper into the filter bed is itself a matter of con-
31 32 
troversy. Stanley ' reports that the particle does not move deeper 
into the bed. On the other hand, S t e i n 3 ^ and M i n t s 3 ^ report that it d o e s . 
In either case it shall suffice to say that a particle is indeed removed 
1 1 
WHEN IT COMES WITHIN A DISTANCE R OF THE SAND SURFACE PROVIDED THE "STICK­
ING FORCES" EQUAL OR EXCEED THE HYDRODYNAMIC SHEAR FORCES AND ANY REPUL­
SIVE FORCES THAT MAY BE PRESENT. 
THE FOLLOWING PARTICLE COLLECTION MECHANISMS HAVE BEEN PROPOSED: 
1 . DIRECT SIEVING OR STRAINING, 
2 . SEDIMENTATION, 
3 . INERTIAL IMPINGEMENT AND CENTRIFUGAL COLLECTION, 
k. BROWNIAN MOVEMENT, 
5 . VAN DER WAALS FORCES, 
6 . ELECTROKINETIC FORCES, 
7 . CONVERGENCE OF STREAMLINES, AND 
8 . DIFFUSION DUE TO CONCENTRATION GRADIENTS OF SUSPENDED PARTICLES. 
1 . DIRECT SIEVING OR STRAINING 
ONE OF THE FIRST MECHANISMS PROPOSED FOR PARTICLE COLLECTION IS 
STRAINING OR DIRECT SIEVING. THIS THEORY POSTULATES THAT A SIEVING AC­
TION OCCURS IN THE CREVICES ADJACENT TO POINTS OF CONTACT BETWEEN THE 
SAND GRAINS . IN EACH OF THESE ANGULAR AREAS NORMAL TO THE FLOW THERE 
IS AN OPENING WITH A WIDTH SMALLER THAN THE DIMENSIONS OF ANY GIVEN SUS­
PENDED PARTICLE. THE PORTION OF FLOW, HOWEVER SMALL, THAT PASSES THROUGH 
THIS AREA WILL BE STRIPPED OF ALL PARTICLES OF THAT SIZE OR LARGER. SINCE 
FLOW IS USUALLY IN THE LAMINAR RANGE IN SAND FILTRATION, LITTLE FLOW ( I F 
ANY) WOULD BE EXPECTED IN THESE VERY SMALL ANGULAR SPACES. FOR THIS REA­
SON SOME WRITERS CONSIDER THE PORES TO FORM CHANNELS WITH VARYING RADII 
THROUGH THE FILTER BED. STRAINING IS THE UNDISPUTED COLLECTION MECHANISM 
FOR SUSPENDED PARTICLES LARGER THAN THE CONSTRICTIONS WITHIN THESE CHAN­
NELS. HOWEVER, FILTERS HAVE BEEN FOUND TO REMOVE PARTICLES MUCH SMALLER 
1 2 
than the average pore diameter within the filter "bed. Investigators 
have postulated additional phenomena in which either the suspended par­
ticles become larger or the pores become smaller. 
Coagulation within the filter bed could produce an increase in 
suspended particle size. In water treatment the probability of contact 
between particles is increased by gently mixing the suspension. Support­
ers of the coagulation theory in filtration picture the pores in the fil­
ter bed as small coagulation basins. Optimum filtration would then be 
31 ^2 
expected to occur under conditions favorable for coagulation. Stanley '" 
reported optimum filtration near pH 7 which he believed to be the iso­
electric point of the ferric floe under study. He concluded that the 
best coagulating floe would probably also be the best filtering floe. 
The rate of flocculation is a function of the mean velocity gra-
3 9 3 7 i dient . Stein reported that a velocity gradient approximately 40 
ft/sec/ft is optimum for flocculation. Stanley reported a velocity 
gradient of 3 8 • 5 ft/sec/ft for a filter with 2 0 - 3 0 mesh sand, 2 gpm per 
sq ft filtration rate, pore diameter of 0 . 5 nim and a porosity of 3 6 $ . 
He ruled out flocculation (even though having a favorable velocity gra­
dient) on basis of detention time since the total amount of flocculation 
3 9 
is a function of the mean velocity gradient times the time . If most 
material were removed in the top inch of filter a detention time of only 
20 seconds results which he contended is too short. 
ho 4 l 
Conley and Pitman ' have reported on the use of coagulant aids 
as filter a i d s . They report better removal of turbidity by the filter 
after adding coagulant a i d s . They have attributed this action to better 
"sticking" of the turbidity to itself and the sand grains. 
13 
Garnell has reported increased removal of turbidity "by a filter 
"by adding a polyelectrolyte just prior to filtration. Addition of 10-30 
ppb of polyacrylamide results in a greater head loss increase and shorter 
runs hut increased removal efficiencies. Black has discussed the role 
of such polyelectrolytes in coagulation. 
The coagulation process is discussed at length in the section on 
electrokinetic forces. 
Investigators of the filtration process have noted the develop­
ment of a visible layer of filtered material on the surface of the fil­
ter medium. This layer, termed the Schmutzdecke (dirty l a y e r ) , was found 
to contribute greatly to the head loss across the filter. Various in­
vestigators have attributed different degrees of filtration to this layer, 
kk 
Hardenbergh reported straining due to the Schmutzdecke to be the major 
37 
removal mechanism. Stein did not believe it to be of any real impor­
tance to filtration. He based this conclusion on studies of the filtra­
tion process w i t h the use of a "microfilter." This small filter was equip­
ped with a microscope and the filtration process could be visually followed. 
He concluded that removal by the Schmutzdecke is negligible since high 
velocities result when the small pores at the surface become clogged. The 
result is penetration into the filter bed. 
Some early investigators of the filtration process attributed r e ­
moval of very small particles to the development of a "colloidal mesh 
structure" within the filter medium which effectively reduced the size 
of the pore openings in the filter bed. This mesh structure, it was be­
lieved, was primarily composed of organic matter of a gelatinous charac­
ter forming a porous framework within the interstices of the filter. 
1 4 
It was noted that a sand filter is more effective in removing sus­
pended material after it has been in service for a period. This "ripen­
ing" period, some investigators believed, was the time required for de­
velopment of the colloidal mesh structure. With waters of high organic 
content the ripening period was shorter than that required for waters 
39 
with little or no organic matter. It was believed that bacterial action 
was important to the development of a colloidal mesh structure for slow 
sand filters. Rapid sand filters were frequently backwashed thus dis­
turbing the mesh structure. Chemical precipitation, aided -perhaps by 
4 5 
the electrical charges attributed to the colloids and sand grains, was 
believed to form the mesh structure in the rapid sand filter. 
2 . Sedimentation 
The sedimentation theory pictures the small voids as miniature 
settling basins in which gravitational settling occurs as a result of 
the differences in densities of suspended particles and water. If this 
theory is valid, better filtration would be expected w i t h an increase in 
46 
particle density. Camp has presented a thorough study of the sedimenta­
tion process and the design of settling basins. He has shown that theo­
retically the efficiency of sedimentation is independent of the depth and 
detention time. The ideal basin would have a depth approaching zero. 
While this is not practical a filter would come very close to approaching 
this ideal. 
4 7 
Hazen has shown that a sand filter composed of uniform sand 0 . 5 mm 
in diameter would be expected to remove, by settling, particles l / 2 0 of 
the diameter and 1 / 4 0 0 of the settling velocity of particles removed in 
sedimentation basins having equal hydraulic loading. He arrived at this 
1 5 
figure assuming only l / l 8 of the total sand grain surface to be available 
for sedimentation. 
Hall developed a differential equation for filtration based on 
the sedimentation theory. He reported good correlation with data pre-
sented by the A S C E Committee on Filtering Materials 
3 7 
Stein , in his studies of the filtration process with a micro-
filter, concluded that sedimentation of suspended floe particles within 
a filter bed is not an important mechanism of collection. He observed 
best removal at points of maximum velocity which does not concur with 
the sedimentation theory. 
^9 
Cleasby and Baumann concluded that straining and sedimentation 
are the predominant removal mechanisms for calcium carbonate crystals. 
This conclusion was based in part upon microscopic examination of the 
sand beds after filtration. These crystals were found to pi^edominate on 
the upper surfaces of the sand grains thus pointing toward sedimentation 
and straining as predominant collection mechanisms. 
50 
Ives has developed a theory of filter behavior based on the 
following three assumptions: 
1 . the removal of suspended material from water by a filter layer is 
proportional to the quantity of suspended material present in the 
water, 
2 . the removal characteristics of the filter depend on the surface avail­
able on the filter grains, on the tortuosity of flow within the pores, 
and on the interstitial velocity, and 
3 . the principal force operating to remove suspended particles from the 
flow stream lines is gravitational, although adsorptive forces become 
16 
dominant when a particle reaches a given surface. 
Ives developed an equation of filtration for which numerical solu­
tions have been obtained on automatic digital computers. In order to 
test the validity of his equations Ives filtered suspensions of radioac­
tive algae of the genera Chlorella and Scenedesmus. The distributions 
of the algae deposited in the filter pores were measured with a scintil­
lation counter. He reported good correlation between his theory and 
test results. He offered, in support of his theory, that more Chlorella 
are removed per centimeter of depth of filter than Scenedesmus which is 
in accord with the relative settling rates of these algae i:i quiescent 
water. 
51 
In a later publication Ives notes that this gravitational hy­
pothesis cannot explain the high degree of removal normally noted for 
coagulant materials with an effective specific gravity close to that of 
the suspending medium. 
3» Inertial Impingement and Centrifugal Collection 
It has been suggested that the tortuosity of flow within the pores 
of the sand filter can contribute to inertial impingement of the suspended 
particles on the filter medium. If the mass of the particles and the ve­
locity of flow are sufficiently high, the paths of the centers of the par-
52 
t i d e s will not coincide with the stream flow lines of the fluid . The 
flow lines have to pass around the sand grains and are therefore highly 
curved near the surface of a sand grain. However, the paths of heavy par­
ticles which are headed towards the sand surface do not curve away so rap­
idly and therefore the particle m a y come in contact with the' sand grain 
even if the flow line which it started to follow does not ccme within the 
17 
distance R from the surface. 
52 53 54 
Langmuir , Davies , and Thomas have investigated this collec­
tion mechanism for air filters and present relationships for its evalua-
55 
tion. Decker et a l . report the removal of suspended materials during 
air filtration is presently accomplished largely "by inertial impingement. 
56 52 53 Grace used the relationships developed b y Langmuir , D a v i e s , 
54 
and Thomas to compare the relative magnitude of several of the commonly 
proposed collection mechanisms for the filtration of ferric oxide particles 
in a glycerol-water suspension b y fibrous filter media. He reported the 
effects due to inertial impingement to be neglible when compared to other 
mechanisms. 
31 
Stanley states that in rapid sand filtration the forces due to 
inertia are in the order of 1$ of the magnitude of those due to gravity. 
He reasoned that if inertial forces are the contributing factor to better 
filtration, an increase in filtration rate would decrease the penetration 
of material into the bed. Since the converse is true, he concludes that 
inertia is not of importance as a removal mechanism. 
Closely associated with inertial impingement is centrifugal col-
51 
lection . As the fluid flows around a sand grain (curvilinear flow) a 
centrifugal force results which causes the particle to diverge from the 
flow line. If this divergence brings the particle within a distance R 
of a sand surface the particle is removed. This theory has been effec­
tively applied in design of equipment for removal of suspended particles 
53 
from air . Increasing particle density and flow velocity would result 
in better filtration if this mechanism were important. 
18 
4. Brownian Movement 
Brownian movement is that motion imparted to the suspended parti­
cles by randomly moving ions and molecules in the solution. Brownian 
movement would be of importance only for small particles, but since the­
ories have been sought to explain the removal of such particles it has 
been suggested as a collection mechanism. The centers of suspended par­
ticles effected by Brownian movement do not move exactly along the flow 
52 
lines but wander irregularly from positions on the flow lines . This 
diversion from the stream line increases the probability of the particle 
coming within the distance R of the sand surface. 
31 
Stanley has calculated it would take 20.3 seconds for a parti-
-5 -3 cle only 10 cm in diameter to move 10 cm due to Brownian movement. 
During this time roughly one-half of the particles of this size would be 
removed. He disregarded Brownian movement as a removal mechanism since 
he reasoned that a very small percentage of particles would be within 
-3 56 
10 cm of a sand surface. Grace reported the effects due to Brownian 
movement are negligible when compared to the other proposed removal mech­
anisms . 
5» van der Waals Forces 
The van der Waals forces are forces of attraction that m a y be de­
scribed as molecular cohesive forces that increase in intensity as the 
43 
particles approach each other . These forces between two atoms will be 
-7 
proportional to r , which means a rather rapid decay with increasing 
57 
distance between the atoms . For large particles separated by short dis-
-3 
tances the forces are proportional to r ". 
3̂  
Mackrle and Mackrle' - developed a dimensionless group, known as 
19 
the "adhesion criterion", based on the van der Waals and hydrodynamic 
forces acting within a filter. They reported that with a knowledge of 
the hydrodynamic characteristics of the filter combined with certain em­
pirical data on the floe being used, the reduction in suspended solids 
can be calculated for filters of any media grading and of any given 
depth. 
6 . Electrokinetic Forces 
Electrokinetic forces have been studied most in connection with 
coagulation. A better understanding of these forces is gained by a re­
view of this process. 
43 
The principal function of coagulation is the destabilization, 
aggregation, and binding together of colloids. The two most important 
instability factors for colloidal systems are the Brownian movement and 
van der Waals forces of attraction. These two factors are opposed by 
two stabilizing factors: the zeta potential and degree of hydration of 
the colloids. 
The translation due to Brownian movement increases the probability 
of a collision between two colloidal particles. The van der Waals forces 
of attraction may be responsible for coagulation if the distance between 
the colloidal particles is sufficiently reduced by Brownian movement or 
other m e a n s . 
Hydration is a property possessed by some particles enabling them 
to attract relatively large numbers of solvent molecules to their sur-
43 / \ face . Water molecules are polar, and hydrophilic (water loving) colloids 
attract a layer of these molecules to their surfaces. This hydrated layer 
hinders contact between the colloidal particles. 
20 
A l l solid particles have a charge at their surface when placed in 
contact with water. This charge can be due to one or more of the follow­
ing: 
(1) ionization of molecules at the particle surface, 
( 2 ) unsatisfied charges due to imperfections in the crystal lat­
tice, 
( 3 ) direct chemical reaction (chemisorption) with specific ions 
in the solution with the formation of chemical bonds, and 
(k) weaker, physical adsorption of ions from solution as due to 
hydrogen bonding and van der Waals forces. 
The presence of this surface charge attracts ions of opposite 
charge from the solution. There is produced a very tightly held layer 
of ions of opposite charge called the "stationary layer" and a second 
more loosely held layer (also of opposite charge) called the "diffuse 
layer." The two layers together result in zero net potential for the 
^3 
particle. This diffuse-double-layer theory attempts to explain the 
behavior of colloids. 
If an electric field is applied to the system, the particles will 
migrate toward the pole of opposite sign. The stationary layer migrates 
with the particle and the diffuse layer is "sheared" off forming a plane 
of slip at the stationary layer. The potential difference between the 
stationary layer and a point of zero potential is the zeta potential. 
If an indifferent electrolyte is added to a colloidal suspension, 
the zeta potential is effectively reduced. A s the concentration of elec­
trolyte is increased more ions enter the stationary layer leaving less 
charge to be neutralized by the diffuse layer. For this reason electro-
21 
lytes are said to contract the diffuse layer. If a sufficient amount of 
electrolyte is added, a point will be reached when the van c.er Waals 
forces of attraction will overcome the repulsive forces of the zeta po-
43 
tential and rapid coagulation results . 
The valence of the ion (in the electrolyte) of opposite charge to 
57 
the colloid is very important. Verwey and Overbeck's theory indicates 
that a bivalent ion is 64 times more effective than a monovalent ion in 
coagulation while the trivalent ion is 729 times more effective. Coagu-
43 
lation can also be affected by mixing two colloids of opposite sign . 
This is known as mutual coagulation. 
This summary of the coagulation process is somewhat simplified but 
will suffice for the purposes of this thesis. B l a c k ^ and l a c k h a m ^ ^ 
have presented excellent discussions on the theory of the coagulation pro-
61 
cess. Stumm and Morgan have presented a thorough review of the chemical 
aspects of coagulation. W e i s e r ^ ^ \ H a z e l ^ - ' ^ and their respective co­
workers have contributed much to the knowledge and understanding of the 
effects of electrolytes on the coagulation process and mutual coagulation. 
More recently, Black and co-workers have presented a series of outstanding 
p a p e r s ^ ^ describing microelectrophoretic investigations of the coagu-
57 74 lation process. The works of Verwey and Overbeck and van Olphen were 
found to be most helpful in gaining an understanding of coagulation and 
the role of electrokinetic forces. 
In filtration these electrokinetic forces will be present on the 
45 
surfaces of both the suspended particles and the sand grains. Ellms in 
1928 described the filtration of ferric hydroxide suspensions, and noted 
that the floe was retained for a period of time after which it passed 
22 
through unchanged. It was assumed that the positively charged colloidal 
particles of ferric hydroxide were retained by the negatively charged 
sand grains. 
31 
Stanley reported that the negatively charged grains; are coated 
very rapidly b y positively charged particles resulting in a charge essen­
tially the same as that of the suspended particles. This would tend to 
negate the importance of the sand surface charge. A floe very close to 
the isoelectric point would allow optimim coagulation of suspended floe 
particles which he believed to be of more importance than the surface 
charge of the sand. 
75 
Sanford and Gates conducted experiments employing a normal sand 
filter which had been chemically treated with a stearato chromic chloride 
to produce a hydrophobic stearate coating on the sand. This coating was 
assumed to have produced a positively coated sand surface. Their results 
showed no differences in the removal of either hydrous aluminum oxide 
floe (assumed to be positively charged) or Escherichia coli (negatively 
charged) by the two filters. It was concluded that adsorption is not 
of importance in the removal of these materials. 
Cleasby and Baumann investigated the filtering properties of 
waters containing hydrous ferric oxide floe. They concluded that electro-
kinetic forces were primarily responsible for particle removal. This con­
clusion was based in part upon microscopic examination of the sand beds 
after filtration. The ferric floe particles exhibited no preference for 
either horizontal surfaces or pore interstices, thereby implying adsorp­
tion onto the sand surfaces. 
h 76 
O'Melia ' investigated the filtration of algae of the genera 
23 
Scenedesmus, Anabaena, and Ankistrodesmus. These algae (which are neg­
atively charged) passed readily through the model filters. Addition of 
iron coagulant greatly improved the algal removal efficiences. Electro­
kinetic f o r c e s ' ^ ' ^ appeared to be of primary importance to the removal 
of these materials from suspension. 
3 
Ives also studied the filtration of algae. He reported contin­
uous passage of algae through the filters. 
Viruses, algae, and bacteria (negatively charged) are known to 
j i c3o 
be removed more efficiently if coagulants ' ' ' are used.. This points 
toward the possible importance of electrokinetic forces. 
8l 
Oulman and Baumann studied the effects of zeta potential of the 
filter medium in diatomite filtration. They determined the effects that 
several inorganic ions have upon the zeta potential. In a later publi-
82 
cation a formulation for diatomite filtration is presented in which 
the zeta potential is not taken into account. This indicates that they 
do not place much importance in this parameter. 
Jordan conducted a study of the filtration of clay suspensions 
at different electrophoretic mobilities, controlled by the addition of 
sodium hexametaphosphate. Gravel filters were operated for 65 days in 
order to develop a Schmutzdecke. Improved filtration was then noted with 
an increase in negative mobility of the clay particles. Jordan offered 
as a possible explanation the presence of a positively charged Schmutzdecke. 
7. Convergence of Streamlines 
A s a suspension flows through a filter there are many constrictions 
through which it must flow. The streamlines converge at each constric-
37 
tion. Stein 1 observed a buildup of floe at the constrictions in his 
2k 
microfilter apparatus. He reasoned that the removal was due to a "con­
tact action" produced by the convergence of the fluid streamlines. A n 
equation was developed for an idealized contact mechanism based on the 
convergence of streamlines at the constriction of a tube. It was con­
cluded that the probability of removal of a particle in a unit depth 
varies directly as the square of the diameter of the suspended particles 
and inversely as the cube of the diameter of the sand grains;. 
8 . Diffusion Due to Concentration Gradients of Suspended Pa.rticles 
Particles are known to diffuse from areas of high to those of 
8k 
lower concentration. Hunter and Alexander have proposed that this dif­
fusion into "dead spaces" within the filter medium could explain removal 
of particles much smaller than the average pore diameter of the filter. 
Their results are based on studies of flow of kaolinite sols through 
silica sand columns. They contend that the shear rate is low in the 
dead spaces; nevertheless, the yield strength of the sol must be suf­
ficiently strong to resist the shearing forces that are applied b y the 
moving liquid. Otherwise, the particles would be removed and thus pene­
trate deeper into the filter. 
They studied the effect of zeta potential of silica on deposition 
Qk 
of kaolinite within the filter . Streaming potential measurements on 
the silica column showed that the zeta potential of the silica surface 
was similar to that of the clay under the experimental conditions studied. 
When the silica surface was rendered positive by the adsorption of 
hexadecyltrimethylammonium ions, the general features of the deposition 
process were unchanged though the amount of deposition was substantially 
increased. 
25 
DIRECTLY OPPOSED TO THE DIFFUSION OF PARTICLES DUE TO A CONCEN­
TRATION GRADIENT IS THE CONCENTRATION OF PARTICLES ALONG THE AXIS OF 
FLOW . THERE IS A TENDENCY FOR PARTICLES TO MIGRATE TOWARD A REGION 
O c 
WHERE THE VELOCITY GRADIENT IS A MINIMUM (THEREFORE, TOWARD THE CENTER 
OF A TUBE) AND THE PROCESS IS SHEAR DEPENDENT. EVENTUALLY SOME SORT OF 
EQUILIBRIUM WOULD PROBABLY BE REACHED BETWEEN THESE TWO PHENOMENA. MORE 
KNOWLEDGE IS NEEDED TO PROPERLY EVALUATE THIS MECHANISM. 
STREAMING POTENTIAL EFFECTS 
HEAD LOSS IS AN IMPORTANT CONSIDERATION IN FILTRATION AND WAS 
COVERED BRIEFLY IN THE GENERAL DISCUSSION OF THE PROCESS. THIS LOSS OF 
PRESSURE DURING FILTRATION IS DUE TO CLOGGING OF THE PORES WITHIN THE 
88 
FILTER BED AND POSSIBLY TO ELECTROVISCOUS DRAG DUE TO ESTABLISHMENT OF 
8°. 90 
A STREAMING POTENTIAL ^ ' ACROSS THE FILTER BED. LOSS OF HEAD DUE TO 
CLOGGING OF THE PORES IS EASILY UNDERSTOOD AND READILY ACCEPTABLE BUT 
THERE IS SOME CONTROVERSY OVER THE EFFECTS OF STREAMING POTENTIALS. 
90 
RUTH DESCRIBED HEAD LOSS DUE TO ELECTROKINETIC PHENOMENON AS 
FOLLOWS: 
WHEN FLUID STARTS TO FLOW THROUGH A CAPILLARY, THE VELOCITY DISTRI­
BUTION PROFILE NEAR THE WALL IS AT FIRST SUBSTANTIALLY PARABOLIC IN 
THE DIRECTION OF FLOW. SINCE NO POTENTIAL DIFFERENCE EXISTS TO 
CAUSE MIGRATION OF IONS, FLUID MOVEMENT IN THE DOUBLE ELECTRICAL 
LAYER IS WITHOUT RESTRAINT. THIS RESULTS, HOWEVER, IN DISCHARGING 
A PORTION OF THE DOUBLE LAYER FROM THE END OF THE CAPILLARY, WHERE­
UPON A SMALL POTENTIAL DIFFERENCE BETWEEN THE ENDS OF THE CAPILLARY 
IMMEDIATELY APPEARS. UNDER THE INFLUENCE OF THIS SMALL E.M.F. POSI­
TIVE IONS ADJACENT TO THE WALL AT ONCE BEGIN TO MOVE TOWARD THE INLET 
END OF THE CAPILLARY. AS THE EXCESS OF POSITIVE IONS IN THE EFFLUENT 
CONTINUES TO INCREASE, THE POTENTIAL BECOMES LARGER AND THE ELECTRO-
OSMOTIC FLOW GREATER. WITH AN INCREASING ELECTRO-OSMOTIC PRESSURE 
OPPOSING THE MECHANICALLY APPLIED PRESSURE, FLUID MOTION IN THE OUTER 
PART OF THE DOUBLE ELECTRICAL LAYER ADJOINING THE WALL IS FIRST HALTED 
AND THEN REVERSED IN DIRECTION. THE SINE-WAVELIKE PROFILE CHARACTER­
ISTIC OF ELECTRO-OSMOTIC FLOW AGAINST HYDROSTATIC PRESSURE INCREASES 
26 
in amplitude, at the same time the null point at which "velocity again 
returns to zero moves out from the wall. Equilibrium is finally at­
tained when sufficient potential difference is built up to transport 
ions electro-osmotically back to the inlet at the same rate they are 
swept from the inner portion of the electrical double layer by hydro­
static flow. 
90 
Ruth demonstrated a decrease in head loss during cake filtra­
tion with an increase in sodium chloride concentration. He attributed 
this to a decrease in streaming potential in the filter with an increase 
in ionic strength of the filtrate. 
89 
Zaghloul y investigated the effects of streaming potential on 
filtration. In general he found the effects of streaming potential on 
head loss to increase with a decrease in sand size and an increase in 
flow rate. For sand sizes and flow rates commonly used in rapid sand 
filtration the effects were negligible. However, his investigations 
were made with clean water so that there was no clogging of the pores 
of the sand. 
8l 
Oulman and Baumann report that streaming potentials probably 




CONSTRUCTION AND OPERATION OF MODEL FILTER APPARATUS 
Construction 
The experimental equipment employed in this research was designed 
to test the concept that chemical aspects of the filtration process are 
of prime importance in particle removal. It was desired to design and 
construct apparatus to provide controlled variation in the chemical com­
position of aqueous floe suspensions while maintaining physical and m e ­
chanical variables at constant levels. A detailed description of the 
model filter apparatus follows. 
Figures 1 and 2 are photographs of the experimental apparatus used 
in this research. The apparatus was located in the hydraulics laboratory 
of the Civil Engineering Department at Georgia Tech. Figure 1 shows the 
portion of the apparatus installed on the second floor of the lab while 
Figure 2 shows that located below on the first floor. A schematic diagram 
of the entire apparatus is shown in Figure 3« 
A demineralized water storage tank with a capacity of 500 gallons 
was constructed of plywood and provided with an inside coating of fiber­
glass to insure water tightness. The purpose of this storage tank was 
to minimize temperature variation and to provide an adequate supply of 
demineralized water for the duration of a run. A piezometer was placed 
on the outside of the tank so that the water level could be easily ob­
served. City of Atlanta tap water was stored in the tank after being de-
Figure 1. Experimental Apparatus, Second Floor Level. 










Figure 3* Schematic Diagram of Filter Apparatus. 
31 
mineralized "by passage through a small mixed "bed ion exchange unit in­
stalled in the supply line. The tank was filled at least one day prior 
to the start of a filter run to enable the water to reach room tempera­
ture . 
Water was withdrawn, from the storage tank through a l / 2 inch cop­
per pipe, split into four streams by a manifold constructed of 3/8 inch 
copper tubing, and transmitted to the constant head tanks. A detail of 
these constant head tanks is shown in Figure k. The flow rate from the 
storage tank was adjusted by a l / 2 inch gate valve in the copper line. 
Screw clamps were employed to regulate the flow split produced by the 
manifold. The system was regulated to provide an inflow to each constant 
head tank that was greater than the flow rate desired for filtration. 
Excess flow was diverted over the weirs in the constant head tanks, trans­
mitted by gravity flow to a sump, and then returned to the storage tank 
b y a small float operated sump pump. The constant head tank was construct­
ed from l/k inch thick plexiglas. 
The effluent from each constant head tank was transmitted through 
3/8 inch white gum rubber tubing to the salt mixing tanks, presented in 
detail in Figure 5- Stock solutions containing selected inorganic salts 
were pumped from storage carboys into the salt mixing tanks through a 
glass "Tee" placed just upstream from each tank inlet. The tanks were 
filled to a six inch depth with l / 2 . inch Raschig rings to provide thorough 
mixing of the stock salt solutions with the demineralized water. A 
Sigmamotor positive displacement pump with a variable speed drive was em­
ployed to pump the salt soltuions to the mixing tanks. 
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Figure k. Detail of Constant Head Tanks. 
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Figure 5 . Detail of Salt and Floe Mixing Tanks. 
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f e r e n t a q u e o u s s y s t e m s , w e r e c o n v e y e d "by g r a v i t y f l o w t h r o u g h 3/8 i n c h 
w h i t e gum r u b b e r t u b i n g t o t h e f l o e m i x i n g t a n k s . T h e s e m i x i n g t a n k s 
w e r e i d e n t i c a l i n s i z e a n d s h a p e t o t h e s a l t m i x i n g t a n k s , a n d t h e i r d e ­
t a i l s c a n a l s o b e o b t a i n e d f r o m F i g u r e 5. M i x i n g w a s p r o v i d e d b y m a g ­
n e t i c s t i r r e r s . C o n c e n t r a t e d f l o e s u s p e n s i o n s w e r e p u m p e d f r o m s t o r a g e 
t a n k s i n t o t h e f l o e m i x i n g t a n k s b y f o u r p o s i t i v e d i s p l a c e m e n t pumps 
m o u n t e d i n p a r a l l e l o n a s i n g l e s h a f t a n d d r i v e n b y a v a r i a b l e s p e e d 
m o t o r . F l o w t h r o u g h e a c h pump c o u l d b e a d j u s t e d w i t h i n t h e r a n g e o f 
0 t o 30 m i l l i l i t e r s p e r m i n u t e b y a d j u s t i n g t h e s p e e d o f t h e m o t o r . 
T h e c o n c e n t r a t e d f l o c c u l e n t s u s p e n s i o n s w e r e i n t r o d u c e d i n t o t h e 
m i x i n g t a n k a t t h e b o t t o m , j u s t a b o v e t h e m a g n e t i c s t i r r i n g b a r s . T h e 
r e s u l t i n g f l o e m i x t u r e w a s w i t h d r a w n f r o m t h e t a n k o n t h e o p p o s i t e s i d e 
n e a r t h e t o p . I n a d d i t i o n t o t h e f l o e a n d w a t e r i n l e t s a n d t h e o u t l e t , 
a n a d d i t i o n a l o u t l e t w a s p r o v i d e d n e a r t h e t o p t o f a c i l i t a t e : t h e r e m o v a l 
o f a i r w h e n t h e t a n k s w e r e b e i n g f i l l e d . T h e s e c o m p a r t m e n t s p r o v i d e d a 
t h e o r e t i c a l d e t e n t i o n t i m e o f a b o u t f i f t e e n m i n u t e s when t h e f i l t e r s 
w e r e o p e r a t i n g a t a r a t e o f 2 gpm p e r s q f t . 
T h e s t o c k c o n c e n t r a t e d f l o e s u s p e n s i o n s w e r e a g i t a t e d t h r o u g h o u t 
t h e c o u r s e o f a f i l t e r r u n i n a s p e c i a l l y c o n s t r u c t e d p l e x i g l a s s t o r a g e 
t a n k w i t h f o u r 8 i n c h x 8 i n c h x 6 i n c h c o m p a r t m e n t s . A v a r i a b l e s p e e d 
s t i r r i n g a p p a r a t u s s i m i l a r t o t h e s t a n d a r d " j a r t e s t " e q u i p m e n t w a s c o n ­
s t r u c t e d t o p r o v i d e t h e n e c e s s a r y a g i t a t i o n . T h e p r o c e d u r e s e m p l o y e d i n 
p r e p a r i n g t h e s e s t o c k s u s p e n s i o n s a r e p r e s e n t e d i n d e t a i l i n C h a p t e r V. 
T h e e f f l u e n t s f r o m t h e f l o e m i x i n g t a n k s , r e p r e s e n t i n g f o u r f l o e 
s u s p e n s i o n s i n d i f f e r e n t a q u e o u s s y s t e m s , w e r e t r a n s m i t t e d t h r o u g h 3/8 
i n c h p l e x i g l a s t u b i n g t o f o u r l a b o r a t o r y s a n d f i l t e r s . T h e m o d e l f i l t e r s 
3 5 
•were c o n s t r u c t e d o f p l e x i g l a s t u b e s h a v i n g a n i n s i d e d i a m e t e r o f 3 i n c h e s 
a n d a v a i l t h i c k n e s s o f l/h i n c h . A f o u r - f o o t s e c t i o n w a s f l a n g e d a t 
e a c h e n d t o f o r m t h e f i l t e r c o l u m n . T h e 3 / 8 i n c h i n f l u e n t l i n e w a s a l s o 
f l a n g e d a n d t h e n b o l t e d t o t h e t o p o f t h e c o l u m n . T h e b o t t o m o f t h e 
c o l u m n w a s a t t a c h e d t o a n a d d i t i o n a l 5 i n c h l e n g t h o f t h e 3 i n c h d i a m e t e r 
t u b i n g w i t h a n o t h e r f l a n g e d c o n n e c t i o n . A r e c e s s o f a p p r o x i m a t e l y l / l 6 
i n c h w a s p r o v i d e d b e t w e e n t h e u p p e r e n d o f t h e 5 i n c h p l e x i g l a s t u b e a n d 
t h e f a c e o f i t s f l a n g e i n o r d e r t o a c c o m o d a t e t h e f i l t e r u n d e r d r a i n . D e ­
s i g n e d t o p r o v i d e s u p p o r t f o r t h e s a n d c o l u m n , t h e u n d e r d r a i n w a s c o n ­
s t r u c t e d b y s o l d e r i n g 1 0 0 m e s h s c r e e n t o a c o p p e r r i n g h a v i n g t h e same 
c r o s s s e c t i o n a s t h e p l e x i g l a s t u b e . W a t e r t i g h t c o n n e c t i o n s w e r e f a c i l ­
i t a t e d t h r o u g h t h e u s e o f " 0 - r i n g s . " A l a r g e r u b b e r s t o p p e r w a s f i t t e d 
i n t o t h e l o w e r e n d o f t h e f i l t e r c o l u m n . A l / 2 i n c h p i p e w a s p r o v i d e d 
t o t r a n s m i t f i l t e r e d w a t e r f r o m t h e f i l t e r c o l u m n t o t h e r a t e o f f l o w 
c o n t r o l l e r . A d e t a i l o f a m o d e l f i l t e r i s p r e s e n t e d i n F i g u r e 6 . 
T h e f i l t e r s w e r e d e s i g n e d t o a c c o m m o d a t e 2h i n c h d e e p s a n d b e d s . 
M a n o m e t e r a n d s a m p l i n g p o i n t s w e r e p l a c e d a t t h e s a n d s u r f a c e a n d a t 
d e p t h s o f 1 , 2, 3 , 9 , 1 2 , 1 8 , a n d 2 3 i n c h e s , a n d o n t h e e f f l u e n t s i d e 
o f t h e u n d e r d r a i n . D e t a i l s o f t h e m a n o m e t e r a n d s a m p l i n g c o n n e c t i o n s 
a r e shown i n F i g u r e 7* S a m p l i n g t u b e s w e r e c o n n e c t e d b y l / 8 i n c h t y g o n 
t u b i n g t o a t w o i n c h l e n g t h o f 0 . 5 mm c a p i l l a r y t u b i n g . A s c r e w t y p e 
t u b i n g c l a m p w a s e m p l o y e d t o i n s u r e f l o w c o n t r o l d u r i n g s a m p l i n g . P r o ­
v i s i o n w a s m a d e t o p r e v e n t a n y d i s t r u b a n c e o f t h e s a m p l i n g p o i n t s a n d 
t h e f i l t e r b e d d u r i n g t h e s a m p l i n g p r o c e s s . M a n o m e t e r p o i n t s w e r e c o n ­
n e c t e d t o 1 0 mm g l a s s t u b i n g a t t a c h e d t o a c e n t r a l m a n o m e t e r b o a r d . 
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F i g u r e 6. M o d e l F i l t e r . 
F i g u r e T« D e t a i l o f M a n o m e t e r a n d S a m p l i n g T u b e . 
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e r a t e d n e e d l e v a l v e a n d a s i p h o n . D e t a i l s o f a r a t e c o n t r o l l e r a r e shown 
i n F i g u r e 8 . E a c h n e e d l e v a l v e w a s c o n s t r u c t e d f r o m a t h r e e i n c h l e n g t h 
o f 3/4 i n c h r o u n d b r a s s s t o c k a n d a 4 - 3 / 8 i n c h l e n g t h o f l/k i n c h r o u n d 
s t o c k . T h e n e e d l e w a s s u p p o r t e d o n a p a r a f f i n c o a t e d s t y r o f o r m f l o a t . 
A l / 4 i n c h t h i c k s h e e t o f p l e x i g l a s w a s f a s t e n e d t o t h e t o p o f t h e f l o a t 
t o p r e v e n t i t s r o t a t i n g i n t h e f l o a t c h a m b e r . A t h i n c o p p e r s h e e t w a s 
a t t a c h e d t o t h e b o t t o m o f t h e f l o a t t o p r o v i d e a f i r m m o u n t f o r t h e n e e ­
d l e . O r i g i n a l l y , w a t e r w a s a l l o w e d t o f l o w down t h e n e e d l e a n d o v e r t h e 
s u r f a c e o f t h e f l o a t . I t w a s n o t e d , h o w e v e r , t h a t a l a y e r o f w a t e r w o u l d 
b u i l d u p o n t h e f l o a t s u r f a c e a n d t h e n r o l l o f f , r e s u l t i n g i n o s c i l l a ­
t i o n s i n t h e p o s i t i o n o f t h e n e e d l e a n d c o n s e q u e n t s u d d e n c h a n g e s i n f l o w 
r a t e . P r o v i s i o n w a s t h e n m a d e t o a l l o w t h e w a t e r t o f l o w d o - i n w a r d t h r o u g h 
t h e m i d d l e o f t h e f l o a t b y d r i l l i n g h o l e s t h r o u g h t h e p l a s t i c c o v e r , t h e 
s t y r o f o a m , a n d t h e c o p p e r p l a t e . T h e t a p e r o f t h e n e e d l e w a s a d j u s t e d 
t o p r o v i d e o p t i m i m f l o w c o n t r o l w i t h o u t s u d d e n f l u c t u a t i o n s d u e t o s l i g h t 
m o v e m e n t o f t h e f l o a t o c c a s i o n e d b y j a r r i n g o r v i b r a t i o n . A f t e r s e v e r a l 
t r i a l s , a t e n d e g r e e t a p e r w a s f o u n d t o g i v e e x c e l l e n t r e s u l t s . 
An a d j u s t a b l e g l a s s s i p h o n w a s e m p l o y e d t o d e l i v e r t h e d e s i r e d 
f l o w f r o m t h e f l o a t c h a m b e r . S i p h o n s w e r e c o n s t r u c t e d f r o m 4 mm g l a s s 
t u b i n g , w i t h t h e d i s c h a r g e e n d f i r e - p o l i s h e d t o f o r m a n o r i f i c e . T h e h e a d 
o n t h e s i p h o n ( a n d c o n s e q u e n t l y t h e f l o w r a t e f r o m t h e f l o a t c h a m b e r ) w a s 
a d j u s t e d b y r a i s i n g o r l o w e r i n g t h e s i p h o n , a p r o c e s s w h i c h c o u l d b e c l o s e ­
l y r e g u l a t e d b y m e r e l y r o t a t i n g a b r a s s n u t . The f l o a t o p e r a t e d n e e d l e 
v a l v e m a i n t a i n e d t h e f l o w r a t e i n t o t h e f l o a t c h a m b e r e q u a l t o t h a t b e i n g 
w i t h d r a w n t h r o u g h t h e s i p h o n . D i s c h a r g e f r o m e a c h s i p h o n was t r a n s m i t t e d 
t o a s m a l l s u m p , f r o m w h i c h i t w a s p e r i o d i c a l l y p u m p e d t o w a s t e b y a s m a l l 
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F i g u r e 8 . R a t e o f F l o w C o n t r o l l e r D e t a i l s . 
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f l o a t o p e r a t e d sump p u m p . 
P r o v i s i o n w a s made f o r b a c k w a s h i n g e a c h o f t h e f o u r f i l t e r s w i t h 
C i t y o f A t l a n t a t a p w a t e r . The b a c k w a s h l i n e w a s c o n s t r u c t e d f r o m l / 2 
i n c h g a l v a n i z e d p i p e , w i t h b r a n c h e s l e a d i n g t o e a c h f i l t e r u n d e r d r a i n . 
A s c h e m a t i c d i a g r a m o f t h e f i l t e r p i p i n g , i n c l u d i n g t h e b a c k w a s h s y s t e m , 
i s p r e s e n t e d i n F i g u r e 9 « 
I t w a s f o u n d t h a t t h e b a c k w a s h s u p p l y c o n t a i n e d s i g n i f i c a n t q u a n ­
t i t i e s o f a i r w h i c h c o l l e c t e d b e l o w t h e s c r e e n u n d e r d r a i n d u r i n g b a c k -
w a s h i n g . T h e s e a i r b u b b l e s p r o d u c e d u n e v e n b a c k w a s h i n g a n d , u n l e s s r e ­
m o v e d , r e t a r d e d f i l t r a t i o n i n t h e r e g i o n o f t h e b e d a b o v e t h e b u b b l e . 
T h i s c o n d i t i o n w a s s u c c e s s f u l l y c o r r e c t e d b y p l a c i n g a n a i r c o l l e c t i o n 
c h a m b e r i n t h e b a c k w a s h l i n e . T h e c h a m b e r w a s c o n s t r u c t e d f r o m a t w o -
f o o t s e c t i o n o f 3 i n c h p i p e , c a p p e d a t e a c h e n d . B a c k w a s h w a t e r w a s 
i n t r o d u c e d i n t o t h e m i d d l e o f t h e c h a m b e r a n d w i t h d r a w n n e a r t h e b o t t o m . 
G a s i n t h e b a c k w a s h s u p p l y w a s c o l l e c t e d i n t h e t o p o f t h e c h a m b e r , w h e r e 
i t w a s p e r i o d i c a l l y r e l e a s e d m a n u a l l y t h r o u g h a v a l v e i n t h e t o p c a p . 
T h e e n t i r e a p p a r a t u s e x t e n d e d v e r t i c a l l y t h r o u g h t w o f l o o r s o f 
t h e l a b o r a t o r y . T h e p i e z o m e t r i c s u r f a c e a b o v e t h e f i l t e r s c o r r e s p o n d e d 
w i t h t h e o v e r f l o w i n t h e c o n s t a n t h e a d t a n k , a d i s t a n c e o f some 11.3 
f e e t a b o v e t h e s a n d s u r f a c e a n d some ik f e e t a b o v e t h e f i l t e r d i s c h a r g e . 
I n o r d e r t o f a c i l i t a t e m e a s u r e m e n t o f h e a d l o s s , i t w a s d e c i d e d t o p r o ­
v i d e a u n i f o r m b a c k p r e s s u r e o n t h e m a n o m e t e r s , t h u s e n a b l i n g a l l o f 
t h e m t o b e o b s e r v e d o n t h e f i r s t f l o o r . T h i s w a s a c c o m p l i s h e d t h r o u g h 
t h e u s e o f a c o m p r e s s e d a i r m a n o m e t e r s u p p r e s s o r s y s t e m , a s c h e m a t i c d i a ­
g r a m o f w h i c h i s shown i n F i g u r e 10. 
A m a n i f o l d w a s c o n s t r u c t e d f o r e a c h f i l t e r f r o m 3/k i n c h c o p p e r 
SUMP 
F i g u r e 9* S c h e m a t i c D i a g r a m o f P i p i n g f o r F i l t e r s . 
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F i g u r e 1 0 . S c h e m a t i c D i a g r a m o f M a n o m e t e r S u p p r e s s o r S y s t e m . 
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p i p e a n d f i t t e d w i t h t e n l / 4 i n c h p o r t s , o n e f o r e a c h m a n o m e t e r c o n n e c ­
t i o n . T h e f o u r m a n i f o l d s w e r e p l a c e d i n p a r a l l e l w i t h a n a i r " b u b b l e r 
a n d c o n n e c t e d t o t h e d i s c h a r g e f r o m a G a s t a i r p u m p . The a i r p r e s s u r e 
a p p l i e d t o t h e m a n o m e t e r s w a s t h e n c o n t r o l l e d a t a c o n s t a n t l e v e l b y 
t h e d e p t h o f t h e w a t e r c o l u m n a b o v e t h e a i r b u b b l e r . A f i v e g a l l o n c a r ­
b o y w a s p l a c e d i n t h e a i r l i n e l e a d i n g t o t h e m a n i f o l d s i n o r d e r t o m i n i ­
m i z e s m a l l f l u c t u a t i o n s o r p u l s e s i n p r e s s u r e w h i c h w e r e p r o d u c e d b y t h e 
a i r p u m p . T h i s p r e c a u t i o n p r e v e n t e d s u r g e s o f f l o w i n t o a n d o u t o f t h e 
s a n d b e d t h r o u g h t h e m a n o m e t e r s t h a t w o u l d h a v e r e s u l t e d f r o m a i r p r e s ­
s u r e f l u c t u a t i o n . 
T h e d i s t a n c e f r o m t h e s a n d f i l t e r s u r f a c e t o t h e c e i l i n g o f t h e 
f i r s t f l o o r o f t h e l a b o r a t o r y w a s a b o u t 5*5 f e e t . When t h e h e a d l o s s 
t h r o u g h a s a n d f i l t e r e x c e e d e d t h i s v a l u e i t w a s n e c e s s a r y t o r e l e a s e 
some o f t h e a i r p r e s s u r e o n t h e m a n o m e t e r s . F a c i l i t i e s w e r e p r o v i d e d 
t o a c c o m p l i s h t h i s e n d . U n d e r t h e s e c i r c u m s t a n c e s t h e t o p m a n o m e t e r 
w a s o b s e r v e d o n t h e s e c o n d f l o o r a t t h e c o n s t a n t h e a d t a n k , w h i l e t h e 
r e m a i n i n g n i n e m a n o m e t e r s c o u l d s t i l l b e o b s e r v e d o n t h e f i r s t f l o o r 
l e v e l . 
O p e r a t i o n 
C o n s i d e r a b l e p r e p a r a t i o n w a s r e q u i r e d p r i o r t o t h e s t a r t o f e a c h 
f i l t e r r u n . T h e d e m i n e r a l i z e d w a t e r s t o r a g e t a n k w a s f i l l e d a t l e a s t o n e 
d a y i n a d v a n c e o f t h e r u n . The pH o f t h i s w a t e r was t h e n a d j u s t e d t o t h e 
d e s i r e d o p e r a t i n g l e v e l , a n d t h e w a t e r a l l o w e d t o r e a c h r o o m t e m p e r a t u r e . 
C l e a n O t t a w a s a n d o f t h e -20 +30 U . S . S t a n d a r d s i e v e f r a c t i o n w a s 
p l a c e d i n e a c h f i l t e r o n t h e d a y p r e c e d i n g e a c h f i l t e r r u n . S u f f i c i e n t 
kk 
s a n d w a s a d d e d s o t h a t a b e d p o r o s i t y o f kO p e r c e n t c o u l d b e e m p l o y e d . 
B a s e d o n 3 i n c h d i a m e t e r a n d 2k i n c h d e e p f i l t e r b e d s , c o r r e c t i n g f o r 
t h e s m a l l v o l u m e o c c u p i e d b y t h e s a m p l i n g p o i n t s , a n d u s i n g a s p e c i f i c 
g r a v i t y f o r t h e s a n d o f 2 . 64 a s m e a s u r e d i n t h e l a b o r a t o r y , i t w a s c a l ­
c u l a t e d t h a t 9*67 p o u n d s o f s a n d w e r e r e q u i r e d f o r e a c h f i l t e r . 
T h e s i z e o f t h e s a n d u s e d i n t h i s r e s e a r c h w a s d e t e r m i n e d b y 
t h r e e m e t h o d s a s f o l l o w s : 
1 . g e o m e t r i c mean o f t h e a d j a c e n t s i e v e o p e n i n g s (0.704 mm) , 
2. m e a n w i d t h a s d e t e r m i n e d b y m i c r o s c o p i c m e a s u r e m e n t o f o n e h u n d r e d 
s a n d g r a i n s (0.802 mm), a n d 
3. H a z e n ' s c o u n t a n d w e i g h method^"*" (O .786 m m ) . 
The l a t t e r t w o p r o c e d u r e s g a v e a p p r o x i m a t e l y e q u a l r e s u l t s , b u t w e r e s i g ­
n i f i c a n t l y h i g h e r t h a n t h e v a l u e c a l c u l a t e d f r o m t h e r a t e d s i e v e o p e n i n g s . 
I t i s p r o b a b l e t h a t t h i s d i s c r e p a n c y w a s p r o d u c e d b y t h e u s e o f w o r n 
s i e v e s i n p r e p a r i n g t h e s a n d f o r u s e i n t h e f i l t e r s . 
T h e s t o c k s a l t s o l u t i o n s a n d f l o e s u s p e n s i o n s w e r e p r e p a r e d o n t h e 
d a y p r e c e d i n g e a c h r u n . F l o e a n d s a l t pumps w e r e c a l i b r a t e d a n d a d j u s t e d 
t o p r o v i d e t h e d e s i r e d p u m p i n g r a t e s . S a l t p u m p i n g r a t e s a n d s t o c k s a l t 
c o n c e n t r a t i o n s v a r i e d w i t h t h e a q u e o u s s y s t e m t o b e a p p l i e d t o t h e f i l t e r . 
D u r i n g t h e f i r s t t h r e e r u n s t h e f l o e pumps w e r e s e t t o d e l i v e r a f l o w o f 
2 . 5 O m i l l i l i t e r s p e r m i n u t e . T h i s f l o w r a t e w a s l a t e r i n c r e a s e d t o 5«00 
m i l l i l i t e r s p e r m i n u t e f o r t h e l a s t t h r e e r u n s i n o r d e r t o m i n i m i z e t h e 
p o s s i b i l i t y o f f l o e s e t t l i n g i n t h e pump d i s c h a r g e l i n e s . T h e t o t a l f l o w 
t o e a c h f i l t e r w a s m a i n t a i n e d a t a r a t e o f 372 m i l l i l i t e r s p e r m i n u t e (2 
gpm p e r s q f t f o r a 3 i n c h d i a m e t e r f i l t e r ) . The i r o n c o n c e n t r a t i o n i n 
t h e s t o c k f l o e s u s p e n s i o n w a s a d j u s t e d s o t h a t d i l u t i o n i n t h e f l o e m i x -
^5 
i n g t a n k w o u l d p r o v i d e t h e d e s i r e d i n f l u e n t i r o n c o n c e n t r a t i o n . F o r m o s t 
r u n s a n a v e r a g e i r o n c o n c e n t r a t i o n i n t h e f i l t e r i n f l u e n t o f k m g / l w a s 
e m p l o y e d . 
P r i o r t o t h e s t a r t o f e a c h r u n t h e f i l t e r s w e r e " b a c k w a s h e d f o r a 
min imum o f f i f t e e n m i n u t e s . D u r i n g t h e b a c k w a s h i n g p r o c e s s a l l a i r b u b ­
b l e s w e r e r e m o v e d f r o m m a n o m e t e r l i n e s , s a m p l i n g p o i n t s , a n d f r o m b e n e a t h 
t h e s c r e e n u n d e r d r a i n . A s a n d b e d e x p a n s i o n o f f i f t y p e r cesnt w a s p r o ­
v i d e d . 
B a c k w a s h f l o w w a s t e r m i n a t e d g r a d u a l l y a l l o w i n g t h e s a n d t o s e t t l e 
t o a b e d d e p t h o f a b o u t 25 i n c h e s . The b a c k w a s h o v e r f l o w l i n e ( s e e F i g ­
u r e 9) w a s t h e n e m p l o y e d t o r a i s e t h e w a t e r l e v e l i n t h e f i l t e r i n f l u e n t 
l i n e t o a l e v e l j u s t b e l o w t h e m a n o m e t e r m a n i f o l d (5 f t - 6 i n a b o v e t h e 
s a n d s u r f a c e ) . T h e w a t e r l e v e l w a s r a i s e d a t a v e r y s l o w r a t e t o p r e v e n t 
d i s t u r b a n c e o f t h e b e d b y t h e f l o w o f w a t e r i n t o t h e m a n o m e t e r s . The a i r 
l i n e s l e a d i n g f r o m t h e m a n o m e t e r m a n i f o l d s t o t h e s u p p r e s s o r pump w e r e 
t h e n c l o s e d ( s e e F i g u r e 1 0 ) t o p r e v e n t a d d i t i o n a l w a t e r f r o m e n t e r i n g t h e 
m a n o m e t e r s . T h e w a t e r l e v e l w a s t h e n r a i s e d t o t h e l e v e l o f t h e e f f l u e n t 
l i n e s i n t h e f l o e m i x i n g t a n k s . The s a l t a n d f l o e m i x i n g t a n k s a n d t h e 
c o n s t a n t h e a d t a n k w e r e t h e n f i l l e d w i t h w a t e r f r o m t h e d e m i n e r a l i z e d 
w a t e r s t o r a g e t a n k . 
A f t e r t h e c o m p l e t i o n o f t h e s e p r e p a r a t i o n s , t h e f o l l o w i n g p r o c e d ­
u r e s w e r e r e q u i r e d t o p l a c e t h e f i l t e r s i n s e r v i c e . 
( 1 ) The f i l t e r c o l u m n s w e r e t a p p e d g e n t l y i n o r d e r t o c o m p a c t t h e s a n d 
b e d s t o a d e p t h o f 2k i n c h e s a n d a p o r o s i t y o f kO p e r c e n t . 
(2) The w a t e r l e v e l i n t h e m a n o m e t e r s u p p r e s s o r t u b e w a s a d j u s t e d t o 
p r o v i d e t h e d e s i r e d a m o u n t o f s u p p r e s s i o n . The a i r pump w a s t h e n 
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p l a c e d i n s e r v i c e a n d t h e a i r f l o w r a t e a d j u s t e d t o p r o v i d e a s m a l l 
f l o w r a t e t h r o u g h t h e b u b b l e r ( s e e F i g u r e 1 0 ) . The c l a m p s l e a d i n g 
t o t h e f i l t e r m a n o m e t e r m a n i f o l d s w e r e t h e n s l o w l y r e l e a s e d a n d t h e 
s y s t e m a l l o w e d t o a t t a i n e q u i l i b r i u m . 
( 3 ) W a t e r f r o m t h e s t o r a g e t a n k w a s a l l o w e d t o f l o w i n t o t h e c o n s t a n t 
h e a d t a n k . 
( 4 ) The r a t e c o n t r o l l e r s i p h o n s w e r e p l a c e d i n s e r v i c e a n d a d j u s t e d t o 
g i v e t h e d e s i r e d f l o w r a t e . 
(5) The f i l t e r s w e r e a l l o w e d t o r u n f o r o n e - h a l f h o u r t o e n a b l e t h e 
s y s t e m t o r e a c h h y d r a u l i c e q u i l i b r i u m . 
( 6 ) T h e s a l t pump w a s p l a c e d i n s e r v i c e , a n d t h e f i l t e r s a l l o w e d t o 
r u n f o r a n o t h e r h a l f - h o u r t o r e a c h c h e m i c a l e q u i l i b r i u m . 
(7) M a n o m e t e r r e a d i n g s w e r e o b t a i n e d t o a s c e r t a i n t h e h e a d l o s s a c r o s s 
t h e c l e a n s a n d b e d s . 
( 8 ) The f l o e pumps w e r e p l a c e d i n s e r v i c e . 
F o r a f l o w r a t e o f 2 gpm p e r s q f t , t h e t h e o r e t i c a l d e t e n t i o n t i m e b e ­
t w e e n t h e f l o e pumps a n d t h e s u r f a c e o f t h e b e d w a s 2 2 m i n u t e s . T h e 
" z e r o t i m e " f o r t h e r u n w a s t h e r e f o r e s e t a s 2 2 m i n u t e s a f t e r t h e f l o e 
pumps w e r e s t a r t e d . 
T h e e f f e c t s o f v a r i a t i o n i n t h e c h e m i c a l c h a r a c t e r i s t i c s o f t h e 
i n f l u e n t s u s p e n s i o n on t h e f i l t r a t i o n p r o c e s s w e r e e v a l u a t e d i n t e r m s o f 
t h e t i m e r a t e o f f i l t e r c l o g g i n g a s m e a s u r e d b y h e a d l o s s i n c r e a s e a n d 
b y t h e r a t e o f f l o e p e n e t r a t i o n i n t o t h e f i l t e r b e d . H e a d l o s s i n c r e a s e 
w a s d e t e r m i n e d b y h o u r l y o b s e r v a t i o n o f t h e m a n o m e t e r t u b e s . R a t e o f 
f l o e p e n e t r a t i o n w a s e v a l u a t e d f r o m c h e m i c a l a n a l y s e s o f s a m p l e s w i t h ­
d r a w n f r o m t h e b e d s a n d f r o m v i s u a l o b s e r v a t i o n o f t h e b e d s . I n f l u e n t 
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a n d e f f l u e n t s a m p l e s w e r e c o l l e c t e d e v e r y t w o h o u r s a n d a f u l l s e r i e s o f 
s a m p l e s f r o m a l l s a m p l i n g p o i n t s w e r e c o l l e c t e d e v e r y f o u r h o u r s . V i s ­
u a l . o b s e r v a t i o n s o f b e d p e n e t r a t i o n w e r e made h o u r l y . 
D u r i n g t h e f i r s t t w o r u n s t h e s a m p l i n g p o i n t s w e r e a l l o w e d t o r u n 
c o n t i n u o u s l y t h r o u g h o u t a r u n a t a f l o w r a t e o f a p p r o x i m a t e l y o n e m i l l i ­
l i t e r p e r m i n u t e . S u b s e q u e n t a n a l y s i s o f t h e d a t a o b t a i n e d w i t h t h i s 
p r o c e d u r e l e d t o t h e c o n c l u s i o n t h a t i t w a s i n a d e q u a t e . T h e s a m p l i n g 
l i n e s r e q u i r e d c o n t i n u e d a d j u s t m e n t t o p r o v i d e t h e d e s i r e d f l o w r a t e , a 
p r o c e d u r e w h i c h a p p e a r e d t o r e m o v e f l o e f r o m t h e b e d . S a m p l e s o b t a i n e d 
d u r i n g R u n s 3> h, 5, a n d 6 w e r e o b t a i n e d b y f l u s h i n g o u t t h e s a m p l i n g 
t u b e a n d t h e n c o l l e c t i n g t h e s a m p l e s . 
T h e e f f e c t s o f t h e c h e m i c a l c h a r a c t e r i s t i c s o f t h e i n f l u e n t o n 
t h e f e r r i c f l o e p a r t i c l e s w e r e e v a l u a t e d i n t e r m s o f t h e i r e l e c t r o p h o -
r e t i c m o b i l i t y a s d e t e r m i n e d b y m i c r o s c o p i c e l e c t r o p h o r e s i s . I n f l u e n t 
s a m p l e s f o r e l e c t r o p h o r e t i c m o b i l i t y d e t e r m i n a t i o n s w e r e w i t h d r a w n p e r ­
i o d i c a l l y f r o m t h e s u r f a c e s a m p l i n g p o i n t . A d d i t i o n a l s u r f a c e s a m p l e s 
w e r e w i t h d r a w n f r o m e a c h f i l t e r o n c e d u r i n g a r u n f o r m i c r o s c o p i c m e a s ­
u r e m e n t o f f l o e p a r t i c l e s i z e . E f f l u e n t s a m p l e s f o r d e t e r m i n i n g pH a n d 
c o n d u c t i v i t y w e r e o b t a i n e d a t a p p r o x i m a t e l y t w o h o u r i n t e r v a J . s . 
A d j u s t m e n t s t o t h e f i l t e r a p p a r a t u s a f t e r t h e s t a r t o f a r u n w e r e 
o n l y r e q u i r e d when h e a d l o s s e s i n e x c e s s o f f i v e o r s i x f e e t w e r e p r o ­
d u c e d . H i g h h e a d l o s s n e c e s s i t a t e d a r e l e a s e o f t h e a i r p r e s s u r e o n t h e 
m a n o m e t e r s y s t e m . As m e n t i o n e d p r e v i o u s l y , p r o v i s i o n w a s made f o r s l o w ­
l y r e s t o r i n g a t m o s p h e r i c p r e s s u r e t o t h e m a n o m e t e r s , n e c e s s i t a t i n g t h a t 
t h e s a n d s u r f a c e m a n o m e t e r b e o b s e r v e d on t h e s e c o n d f l o o r . H i g h h e a d 
l o s s a l s o p r o d u c e d a s l i g h t d e c r e a s e i n f l o w t h r o u g h t h e f l o a t o p e r a t e d 
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v a l v e i n t h e r a t e c o n t r o l l e r , r e q u i r i n g a n a d j u s t m e n t o f t h e s i p h o n . 
T h e f i l t e r s w e r e s u c c e s s f u l l y o p e r a t e d a t h e a d l o s s e s i n e x c e s s o f 11 
f e e t w i t h o n l y o n e a d j u s t m e n t r e q u i r e d . The maximum r e d u c t i o n i n f l o w 
r a t e w a s l e s s t h a n 10 m i l l i l i t e r s p e r m i n u t e ( l e s s t h a n 3 p e r c e n t ) a t 
t h e t i m e o f a d j u s t m e n t . 
A f i l t e r w a s r e m o v e d f r o m s e r v i c e w h e n o n e o f t h e f o l l o w i n g o c ­
c u r r e d : 
(1) a l l o f t h e a v a i l a b l e h e a d w a s u t i l i z e d , 
( 2 ) t h e s u p p l y o f d e m i n e r a l i z e d w a t e r w a s e x h a u s t e d , o r 
(3) "the s u p p l y o f f l o e w a s e x h a u s t e d . 
A t t h e t e r m i n a t i o n o f a r u n t h e f i l t e r s w e r e b a c k w a s h e d t o r e m o v e 
a s much f l o e a s p o s s i b l e . T h e s a n d w a s t h e n r e m o v e d f r o m t h e f i l t e r s , 
w a s h e d w i t h 1:1 h y d r o c h l o r i c a c i d a n d d e m i n e r a l i z e d w a t e r , d r i e d , w e i g h e d , 
a n d r e p l a c e d i n t h e f i l t e r s f o r t h e n e x t r u n . 
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CHAPTER I V 
ANALYTICAL METHODS 
G e n e r a l 
A n a l y t i c a l m e t h o d s w e r e e m p l o y e d i n t h i s r e s e a r c h t o c h a r a c t e r i z e 
t h e f l o c c u l e n t s u s p e n s i o n s , t h e f i l t e r m e d i u m , a n d t h e f i l t r a t i o n p r o c e s s . 
T h e f o l l o w i n g a n a l y s e s w e r e p e r f o r m e d : 
1. a n a l y s i s f o r i r o n c o n c e n t r a t i o n , 
2. e l e c t r o p h o r e t i c m o b i l i t y o f s a n d a n d f l o e p a r t i c l e s , 
3- f e r r i c f l o e p a r t i c l e s i z e , 
k. d e p t h o f "bed p e n e t r a t i o n , 
5 . pH d e t e r m i n a t i o n s 
6 . s p e c i f i c r e s i s t a n c e d e t e r m i n a t i o n s , a n d 
7. h e a d l o s s m e a s u r e m e n t . 
P h o t o g r a p h s o f some o f t h e a n a l y t i c a l e q u i p m e n t a r e p r e s e n t e d i n 
F i g u r e 1 1 . 
I r o n A n a l y s i s 
I r o n c o a g u l a n t w a s s e l e c t e d a s t h e p a r t i c u l a n t m a t e r i a l t o "be i n ­
v e s t i g a t e d . I t i s r e p r e s e n t a t i v e o f t h e f l o c c u l a n t m a t e r i a l s i n a t y p ­
i c a l r a p i d s a n d f i l t e r i n f l u e n t a n d c a n "be d e t e c t e d q u a n t i t a t i v e l y w i t h 
r e l a t i v e e a s e . Of a d d i t i o n a l i m p o r t a n c e t o t h i s r e s e a r c h , i t s s u r f a c e 
p r o p e r t i e s v a r y c o n s i d e r a b l y w i t h t h e c h e m i c a l c o m p o s i t i o n o f t h e a q u e o u s 
p h a s e . 
T h e p h e n a n t h r o l i n e m e t h o d a s p r e s e n t e d i n t h e e l e v e n t h e d i t i o n o f 
A. Sample Bottles, Glassware, Data Sheets, and Standard B. Beckman DU Spectrometer, left; Beckman Model K. 
Iron Curve. Automntic Titrator, right. 
C. Microelectrophoresis Equipment, foreground; Particle D. Briggs Cell Mounted on Microscope. 
Sizing Equipment, background. 
F i g u r e 1 1 . A n a l y t i c a l E q u i p m e n t . 
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S t a n d a r d M e t h o d s w a s m o d i f i e d s l i g h t l y f o r a n a l y s i s o f i r o n c o n c e n t r a ­
t i o n . T h i s t e s t i s "based o n t h e f o r m a t i o n o f t h e p h e n a n t h r o l i n e - f e r r o u s 
i r o n c o m p l e x . S o l u t i o n s o f t h i s c o m p l e x t r a n s m i t l i g h t i n i n v e r s e p r o ­
p o r t i o n t o t h e i r i r o n c o n t e n t i n a c c o r d a n c e w i t h B e e r ' s l a w . D i g e s t i o n 
a n d e x t r a c t i o n s t e p s n e c e s s a r y w h e n o r g a n i c a l l y b o u n d i r o n o r i n t e r f e r -
r i n g i o n s a r e p r e s e n t w e r e o m i t t e d f r o m t h e a n a l y t i c a l p r o c e d u r e . T h e 
u s e o f a q u e o u s s y s t e m s o f known c o m p o s i t i o n a n d p r o m p t a c i d i f i c a t i o n o f 
t h e s a m p l e s m a d e t h e s e s t e p s u n n e c e s s a r y . 
T h e s a m p l e s w e r e c o l l e c t e d i n 1 2 0 m i l l i l i t e r c l e a r f l i n t g l a s s 
b o t t l e s w i t h p l a s t i c c a p s . T h e r e q u i r e d v o l u m e o f h y d r o c h l o r i c a c i d ( 2 
m l / 5 0 m l s a m p l e ) w a s a d d e d d i r e c t l y t o t h e b o t t l e i n w h i c h t h e s a m p l e w a s 
c o l l e c t e d . D i f f i c u l t y w a s e n c o u n t e r e d i n g e t t i n g a r e p r e s e n t a t i v e s a m p l e 
f o r a n a l y s i s i f t h e a c i d w a s n o t a d d e d i m m e d i a t e l y . T h i s w a s d u e t o s e t ­
t l i n g o f t h e f e r r i c h y d r o x i d e f l o e a n d d i f f i c u l t y i n r e d i s p e r s i n g t h e m 
u n i f o r m l y a f t e r t h e y h a d s e t t l e d . 
H i g h e r i r o n c o n c e n t r a t i o n s t h a n t h o s e o u t l i n e d i n S t a n d a r d M e t h o d s 
w e r e u s e d , a n d i t w a s f o u n d c o n v e n i e n t t o i n c r e a s e t h e c o n c e n t r a t i o n o f 
t h e p h a n a n t h r o l e i n r e a g e n t . T h e f o l l o w i n g a m o u n t s a n d c o n c e n t r a t i o n o f 
r e a g e n t s w e r e a d d e d i n s e q u e n t i a l o r d e r t o a 50 m i l l i l i t e r s a m p l e p l a c e d 
i n a 1 0 0 m l v o l u m e t r i c f l a s k : 
1 . C o n c e n t r a t e d HC1 - 2 ml/50 m l s a m p l e a d d e d i m m e d i a t e l y a f t e r 
s a m p l e c o l l e c t i o n . 
2 . H y d r o x y l a m i n e r e a g e n t - 1 m l ( 1 0 0 g / l h y d r o x y l a m i n e h y d r o ­
c h l o r i d e ) . 
3. Ammonium a c e t a t e b u f f e r - a n a m o u n t n e c e s s a r y t o p r o d u c e a f i ­
n a l pH o f 3*2 t o 3«5« T h i s a m o u n t v a r i e d w i t h e a c h b a t c h o f 
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b u f f e r p r e p a r e d , a n d r a n g e d f r o m 1 2 t o 17 m l . ( p r e p a r e d by-
d i s s o l v i n g 2 5 0 g o f ammonium a c e t a t e i n 150 m l d e m i n e r a l i z e d 
w a t e r a n d d i l u t i n g t o 1 0 0 0 m l w i t h g l a c i a l a c e t i c , a c i d ) . 
k. P h e n a n t h r o l i n e r e a g e n t - 4 m l ( p r e p a r e d b y d i s s o l v i n g 2 . 5 g 
1 , 10 - p h e n a n t h o l i n e m o n o h y d r a t e i n o n e l i t e r o f d i s t i l l e d 
a n d d e m i n e r a l i z e d w a t e r . S o l u t i o n w a s f a c i l i t a t e d b y a d d i n g 
a b o u t o n e m l o f c o n c e n t r a t e d HC1 p e r l i t e r a n d g e n t l y h e a t i n g ) . 
5» S u f f i c i e n t d i s t i l l e d a n d d e m i n e r a l i z e d w a t e r w a s t h e n a d d e d 
t o b r i n g t h e t o t a l v o l u m e t o 1 0 0 m l . 
T h e v o l u m e t r i c f l a s k s w e r e s h a k e n a f t e r t h e a d d i t i o n o f e a c h c h e m ­
i c a l a n d w e r e t h e n i n v e r t e d 10 t i m e s a f t e r t h e a d d i t i o n o f t h e d i s t i l l e d 
a n d d e m i n e r a l i z e d w a t e r t o i n s u r e c o m p l e t e m i x i n g . T h e " c o l o r " w a s a l ­
l o w e d t o d e v e l o p f o r a t l e a s t 30 m i n u t e s b e f o r e t h e s a m p l e s w e r e a n a l y z e d . 
S t a n d a r d c u r v e s w e r e p r e p a r e d f r o m a s t a n d a r d s o l u t i o a o f f e r r i c 
i r o n . S i n c e a new s t a n d a r d c u r v e m u s t b e o b t a i n e d e a c h t i m e a n e w b a t c h 
o f c h e m i c a l r e a g e n t s i s p r e p a r e d , i t w a s d e e m e d a d v i s a b l e t o p r e p a r e 
l a r g e q u a n t i t i e s o f r e a g e n t s . An i n t e r e s t i n g p r o b l e m d e v e l o p e d f r o m t h e 
h a n d l i n g o f a l a r g e q u a n t i t y o f t h e ammonium a c e t a t e b u f f e r . The p r e ­
p a r e d b u f f e r w a s s t o r e d i n a f i v e g a l l o n c a r b o y f r o m w h i c h i t w a s t o b e 
s y p h o n e d t h r o u g h t y g o n t u b i n g . I t w a s n o t e d t h a t a w h i t e p r e c i p i t a t e 
f o r m e d u p o n a d d i t i o n o f t h e n e w l y p r e p a r e d b u f f e r t o t h e s a m p l e . R u b b e r 
t u b i n g w a s s u b s t i t u t e d f o r t h e t y g o n b u t d i d n o t r e m e d y t h e p r o b l e m . I t 
w a s f i n a l l y d e c i d e d t o l e t t h e b u f f e r come i n c o n t a c t w i t h g l a s s o n l y 
a n d t h i s p r o c e d u r e e l i m i n a t e d t h e p r o b l e m . T h e p r e c i p i t a t e w a s f o r m e d 
w h e n t h e b u f f e r ( a f t e r h a v i n g b e e n i n c o n t a c t w i t h t h e t u b i n g ; ) w a s m i x e d 
w i t h c h l o r i d e i o n s . T h i s w a s d e t e r m i n e d b y a d d i n g HC1 a n d N a C l t o t h e 
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b u f f e r a l o n e . B o t h r e a g e n t s p r o d u c e d t h e p r e c i p i t a t e . 
The c o m p l e x e d i r o n s a m p l e s w e r e a n a l y z e d w i t h a B e c k m a n DU S p e c -
t r o p h o m e t e r e q u i p e d w i t h a p o w e r s u p p l y . A T u n g s t e n l a m p w a s e m p l o y e d 
w i t h a w a v e l e n g t h o f 5 1 0 m ( i . No f i l t e r s w e r e e m p l o y e d . Two c e l l w i d t h s 
w e r e u s e d : 1 cm f o r s a m p l e s c o n t a i n i n g f r o m 0 . 5 t o 5 * 0 m g / l o f i r o n , 
a n d 1 0 cm f o r s a m p l e s c o n t a i n i n g f r o m 0 . 0 0 t o 0 . 5 0 m g / l . 
A l l g l a s s w a r e i n s a m p l e c o l l e c t i o n a n d a n a l y s i s w a s c a r e f u l l y 
a c i d w a s h e d ( w i t h 1 : 1 HCl ) b e f o r e u s e . P i p e t s w e r e a l s o a c i d w a s h e d a f ­
t e r e a c h u s e . 
E l e c t r o p h o r e t i c M o b i l i t y D e t e r m i n a t i o n s 
M i c r o e l e c t r o p h o r e t i c t e c h n i q u e s w e r e e m p l o y e d t o d e t e r m i n e t h e m o ­
b i l i t y o f f l o e a n d s a n d p a r t i c l e s u s e d i n t h i s r e s e a r c h . M i c r o e l e c t r o ­
p h o r e s i s e m p l o y s t h e d i r e c t o b s e r v a t i o n o f m i c r o s c o p i c a l l y v i s i b l e p a r ­
t i c l e s a s t h e y m i g r a t e i n a n e l e c t r i c f i e l d . T h e i r s p e e d o f m i g r a t i o n 
i s d e t e r m i n e d b y m e a s u r i n g t h e t i m e r e q u i r e d f o r p a r t i c l e s t o t r a v e l a 
known d i s t a n c e . The e l e c t r o p h o r e t i c m o b i l i t y ^ 3 ' - ^ may t h e n "be c a l c u l a t e d 
f r o m t h e f o l l o w i n g e q u a t i o n : 
M = t I R 
s 
w h e r e d = d i s t a n c e a c r o s s w h i c h t h e m i g r a t i o n i s o b s e r v e d ( m i c r o n s ) , 
X = c r o s s s e c t i o n a l a r e a o f t h e m i c r o e l e c t r o p h o r e s i s c e l l n o r ­
m a l t o t h e d i r e c t i o n o f p a r t i c l e t r a v e l ( s q . c m - . ) , 
t = t i m e r e q u i r e d t o t r a v e r s e t h e d i s t a n c e d ( s e c o n d s ) , 
I - c u r r e n t f l o w i n g b e t w e e n t h e c e l l e l e c t r o d e s ( a m p e r e s ) , 
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R g = s p e c i f i c r e s i s t a n c e o f t h e s a m p l e (ohm - c m . ) ; a n ( i 
M = e l e c t r o p h o r e t i c m o b i l i t y ( m i c r o n s / s e c / v o l t / c m ) . 
I t w a s n e c e s s a r y t o c a l i b r a t e b o t h t h e m i c r o e l e c t r o p h o r e s i s c e l l 
a n d t h e m i c r o s c o p e . A B r i g g ' s m i c r o e l e c t r o p h o r e s i s f l a t c e l l a s r e p o r t e d 
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b y B l a c k a n d S m i t h w a s u s e d i n c o n j u n c t i o n w i t h a n A m e r i c a n o p t i c a l 
m o n o c u l a r m i c r o s c o p e e q u i p p e d w i t h a 30X c o m p e n s a t i n g e y e p i e c e , 10X a p o -
c h r o m a t i c o b j e c t i v e , a n d a d a r k f i e l d c o n d e n s e r . T h e l i n e a r i t y o f t h e 
v e r t i c a l m i c r o m e t e r s c a l e w a s c h e c k e d b y a l t e r n a t e l y f o c u s i n g o n t h e t o p 
a n d b o t t o m o f a g l a s s s l i d e . T h e s c a l e w a s f o u n d t o b e a p p r o x i m a t e l y 
l i n e a r o v e r t h e e n t i r e r a n g e b u t w a s e x a c t l y l i n e a r i n t h e r a n g e o f 2 0 0 
t o 6 0 0 m i c r o n s . 
A W h i p p l e o c u l a r m i c r o m e t e r d i s c w a s i n s t a l l e d i n t h e e y e p i e c e 
a n d t h e n c a l i b r a t e d w i t h a s t a g e m i c r o m e t e r . T h e s m a l l e s t s q u a r e w a s 
f o u n d t o m e a s u r e 2 8 , 6 p , w i t h t h e n e x t l a r g e r s q u a r e m e a s u r i n g 1^3 (i • T h e s e 
s q u a r e s w e r e e m p l o y e d i n t i m i n g t h e p a r t i c l e s . 
The c r o s s s e c t i o n a l a r e a o f t h e c e l l w a s t h e n d e t e r m i n e d . The 
d e p t h w a s d e t e r m i n e d b y a l t e r n a t e l y f o c u s i n g o n t h e t o p a n d b o t t o m o f 
t h e c e l l i n a n u m b e r o f p l a c e s a n d t h e n a v e r a g i n g t h e v a l u e s d e t e r m i n e d 
f r o m t h e v e r t i c a l m i c r o m e t e r s c a l e . T h e s e m e a s u r e m e n t s w e r e f a c i l i t a t e d 
b y p l a c i n g a s m a l l a m o u n t o f s i l i c i c a c i d i n t h e c e l l a n d t h e n b l o w i n g 
t h e e x c e s s o u t o f t h e c e l l . A f e w v e r y s m a l l p a r t i c l e s r e m a i n e d o n t h e 
t o p a n d b o t t o m o f t h e c e l l a n d g r e a t l y f a c i l i t a t e d f o c u s i n g . T h e w i d t h 
o f t h e c e l l w a s m e a s u r e d w i t h a g r a d u a t e d m e c h a n i c a l s t a g e . S e v e r a l 
m e a s u r e m e n t s w e r e t a k e n a t p o i n t s a l o n g t h e c e l l a n d a v e r a g e d . A m e t h y l 
o r a n g e s o l u t i o n w a s p l a c e d i n t h e c e l l i n o r d e r t o make i t s e d g e s m o r e 
d i s t i n c t u n d e r t h e m i c r o s c o p e . T h e a v e r a g e d e p t h w a s 9 8 6 ji a n d t h e a v -
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e r a g e w i d t h , 21.3 mm, t h e r e b y g i v i n g a v a l u e f o r X ( c r o s s s e c t i o n a l a r e a ) 
o f 0.210 s q u a r e c e n t i m e t e r s . 
T h e r e a r e o n l y t w o p l a n e s w i t h i n a m i c r o e l e c t r o p h o r e s i s c e l l t h a t 
c a n b e u s e d t o m e a s u r e t h e t r u e m o b i l i t y o f p a r t i c l e s . T h e t w o p o s i t i o n s 
a r e t e r m e d t h e u p p e r a n d l o w e r s t a t i o n e r y l a y e r s . When a d i f f e r e n c e o f 
p o t e n t i a l i s a p p l i e d a c r o s s t h e c e l l , a s t r e a m i n g o f t h e f l u i d t a k e s 
p l a c e . T h i s p h e n o m e n o n i s known a s e l e c t r o e n d o s m o s i s a n d o c c u r s a s a 
r e s u l t o f a p o t e n t i a l t h a t e x i s t s b e t w e e n t h e l i q u i d a n d t h e g l a s s s u r ­
f a c e o f t h e c e l l . T h e l i q u i d f l o w s a l o n g t h e s u r f a c e o f t h e c e l l a n d r e ­
t u r n s i n t h e c e n t e r . T h u s t h e r e a r e t w o l e v e l s a t w h i c h t h e s t r e a m i n g 
o f t h e f l u i d d o e s n o t i n t e r f e r w i t h t h e v e l o c i t y o f t h e p a r t i c l e s , 
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K o m a g a t a h a s d e r i v e d t h e f o l l o w i n g r e l a t i o n s h i p f r o m w h i c h t h e v e r t i c a l 
d i s t a n c e t o t h e s t a t i o n a r y l e v e l s c a n b e c a l c u l a t e d : 
l 
W h e r e a - d i s t a n c e f r o m t h e t o p i n s i d e s u r f a c e o f a c e l l o f u n i t 
d e p t h t o t h e u p p e r s t a t i o n a r y l a y e r , a n d 
K = r a t i o o f c e l l w i d t h t o c e l l t h i c k n e s s . 
T h e d i s t a n c e f r o m t h e t o p o r b o t t o m o f t h e c e l l t o t h e u p p e r o f l o w e r 
s t a t i o n a r y l a y e r c a n t h e n b e c a l c u l a t e d f r o m t h e q u a n t i t y ( l - a ) t i m e s 
t h e a v e r a g e c e l l d e p t h . 
F o r t h e c e l l e m p l o y e d i n t h i s r e s e a r c h t h e q u a n t i t y ( l - a ) w a s 
f o u n d t o b e 0.203. U s i n g a n a p p a r e n t c e l l d e p t h c o r r e c t e d f o r t h e r e ­
f r a c t i v e i n d e x o f w a t e r , t h e s t a t i o n a r y l a y e r s w e r e c a l c u l a t e d t o b e 
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1 5 0 m i c r o n s f r o m t h e t o p a n d b o t t o m o f t h e c e l l . A l l e l e c t r o p h o r e t i c 
m e a s u r e m e n t s w e r e m a d e a t t h e l o w e r s t a t i o n a r y l a y e r a s t h e d a r k f i e l d 
c o n d e n s e r c o u l d n o t b e f o c u s e d on t h e u p p e r l a y e r . T h e m i c r o s c o p e w a s 
f i r s t f o c u s e d o n t h e b o t t o m o f t h e c e l l w i t h t h e h e l p o f a . t h i n l i n e 
e t c h e d o n t h e b o t t o m s u r f a c e f o r t h a t p u r p o s e . T h e o b j e c t i v e w a s t h e n 
r a i s e d a d i s t a n c e o f 1 5 0 m i c r o n s a s d e t e r m i n e d b y t h e v e r t i c a l m i c r o ­
m e t e r s c a l e , p e r m i t t i n g o b s e r v a t i o n o f t h e l o w e r s t a t i o n a r y l e v e l . 
A f t e r t h e c h a r a c t e r i s t i c s o f t h e c e l l a n d m i c r o s c o p e w e r e d e t e r ­
m i n e d t h e c a l i b r a t i o n w a s c h e c k e d b y m e a s u r i n g t h e m o b i l i t y o f human 
r e d b l o o d c e l l s i n ~ p h o s p h a t e b u f f e r a t pH [.kO. A v a l u e o f - 1 . 3 0 
j i / s e c / v o l t / c m w a s d e t e r m i n e d . A b r a m s o n ^ r e p o r t s t h e m e a n v a l u e f o r 
t h e m o b i l i t y o f human e r y t h r o c y t e s t o b e - 1 . 3 1 + 0 . 0 2 j i / s e c / v o l t / c m . 
B a s e d o n t h e s e r e s u l t s , t h e c a l i b r a t i o n w a s a c c e p t e d . 
M o b i l i t y s a m p l e s w e r e a n a l y z e d a s s o o n a s p o s s i b l e a f t e r c o l l e c ­
t i o n . T e n p a r t i c l e s w e r e t i m e d i n e a c h d i r e c t i o n w i t h t h e c e l l p o l a r i t y 
b e i n g c h a n g e d a f t e r t h e t i m i n g o f f i v e p a r t i c l e s . T h e m e a n v a l u e o f t h e 
t w e n t y o b s e r v a t i o n s w a s u s e d t o c a l c u l a t e t h e m o b i l i t y . T h e pH, t e m p e r ­
a t u r e , a n d s p e c i f i c r e s i s t a n c e o f e a c h s a m p l e w e r e a l s o r e c o r d e d . The 
l a b o r a t o r y m a n u a l o n m i c r o e l e c t r o p h o r e s i s b y B l a c k a n d S m i t h w a s f o u n d 
m o s t h e l p f u l . T h e g e n e r a l p r o c e d u r e s , c a u t i o n s , a n d c o r r e c t i v e m e a s u r e s 
a r e o u t l i n e d i n t h i s p u b l i c a t i o n a n d w i l l n o t b e r e p r o d u c e d h e r e . 
S i z i n g o f F l o e P a r t i c l e s 
S a m p l e s f o r f l o e p a r t i c l e s i z e m e a s u r e m e n t w e r e c o l l e c t e d f r o m 
e a c h f i l t e r i n f l u e n t o n c e d u r i n g e a c h r u n . M i c r o s c o p i c o b s e r v a t i o n o f 
t h e maximum a n d min imum d e m e n s i o n s o f t w e n t y - f i v e p a r t i c l e s w e r e m a d e 
5 7 
i m m e d i a t e l y a f t e r t h e s a m p l e c o l l e c t i o n . M e a s u r e m e n t s w e r e m a d e e m p l o y ­
i n g a 4 3 X o b j e c t i v e i n c o n j u n c t i o n w i t h a f i l a r m i c r o m e t e r e q u i p p e d w i t h 
a 1 2 . 5 X R a m s d e n e y e p i e c e . 
B e d P e n e t r a t i o n 
The r a t e o f b e d p e n e t r a t i o n h a s b e e n e m p l o y e d b y n u m e r o u s p r e v i o u s 
i n v e s t i g a t o r s t o c h a r a c t e r i z e t h e f i l t e r a b i l i t y o f f l o c c u l a n t s u s p e n s i o n s 
i n r a p i d s a n d f i l t r a t i o n . I n t h i s r e s e a r c h t h e r a t e o f b e d p e n e t r a t i o n 
w a s d e t e r m i n e d f r o m v i s u a l o b s e r v a t i o n o f t h e b e d , r e i n f o r c e d b y c h e m i c a l 
i r o n a n a l y s i s o f s a m p l e s w i t h d r a w n f r o m w i t h i n t h e b e d . 
T h e r e d d i s h - b r o w n c o l o r o f t h e f e r r i c f l o e r e t a i n e d i n t h e b e d s 
w a s e a s i l y d i s t i n g u i s h e d f r o m t h e c l e a n w h i t e O t t a w a s a n d e m p l o y e d a s 
t h e f i l t e r m e d i u m . D e p t h o f p e n e t r a t i o n w a s d e t e r m i n e d h o u r l y b y d i r e c t 
m e a s u r e m e n t . I t i s r e c o g n i z e d t h a t t h i s p r o c e d u r e i s n o t a s q u a n t i t a t i v e 
a s m i g h t b e d e s i r e d . H o w e v e r , i t d o e s p r o v i d e a s i m p l e a n d v a l u a b l e 
m e a n s o f e v a l u a t i n g t h e a b i l i t y o f a f i l t e r t o r e m o v e f l o e f r o m s u s p e n ­
s i o n . C o m p a r i s o n o f v i s u a l f i l t e r p e r f o r m a n c e w i t h t h e r e s u L t s o f t h e 
c h e m i c a l a n a l y s i s o f s a m p l e s w i t h d r a w n f r o m t h e b e d w a s q u i t e g o o d . F i g ­
u r e 2 i s a p h o t o g r a p h o b t a i n e d a f t e r f o u r h o u r s o f e l a p s e d t i m e d u r i n g 
Run 6 . B e d p e n e t r a t i o n v a r i a t i o n s b e t w e e n t h e f i l t e r s c a n e a s i l y b e o b ­
s e r v e d . 
pH D e t e r m i n a t i o n s 
T h e pH w a s d e t e r m i n e d b y a B e c k m a n Z e r o m a t i c pH m e t e r e q u i p p e d 
w i t h g l a s s a n d c a l o m e l e l e c t r o d e s . B e c k m a n pH 4 , 7> a n d 1 0 b u f f e r s w e r e 
u s e d t o s t a n d a r d i z e t h e m e t e r a t t h e p r o p e r t e m p e r a t u r e b e f o r e e a c h u s e . 
T h i s i n s t r u m e n t i s r e p o r t e d a c c u r a t e t o 0 . 0 5 pH u n i t s a n d r e p r o d u c i b l e 
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t o 0.02 pH u n i t s . 
S p e c i f i c R e s i s t a n c e 
The s p e c i f i c r e s i s t a n c e o f a l l s o l u t i o n s w a s m e a s u r e d w i t h a m o d e l 
RC-16B2 c o n d u c t i v i t y " b r i d g e m a n u f a c t u r e d "by I n d u s t r i a l I n s t r u m e n t s . A 
c o n d u c t i v i t y c e l l w i t h a c e l l c o n s t a n t o f 0.998 w a s u s e d f02' a l l s o l u ­
t i o n s o f h i g h c o n d u c t i v i t y a n d a c e l l w i t h a c o n s t a n t o f 0.0975 f o r a l l 
s o l u t i o n s o f l o w c o n d u c i t v i t y . T h e c o n d u c t i v i t y c e l l s w e r e s t a n d a r d i z e d 
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a s o u t l i n e d i n S t a n d a r d M e t h o d s . 
H e a d L o s s 
T h e t i m e r a t e o f f i l t e r c l o g g i n g a s m e a s u r e d "by h e a d l o s s i n c r e a s e 
i s a p a r a m e t e r o f u t m o s t i m p o r t a n c e i n e v a l u a t i n g t h e f i l t r s , t i o n p r o c e s s . 
I t d e t e r m i n e s t h e o p e r a t i n g t i m e t h a t a f i l t e r c a n b e e x p e c t e d t o m a i n ­
t a i n a n d a l s o p r o v i d e s a n i n d i c a t i o n o f t h e a m o u n t a n d d i s t r i b u t i o n o f 
s u s p e n d e d m a t e r i a l w h i c h h a s b e e n r e t a i n e d i n t h e f i l t e r b e d . 
T h e g r e a t e s t h e a d l o s s i n c r e a s e n o r m a l l y o c c u r s i n t h e u p p e r r e ­
g i o n s o f t h e s a n d b e d , a n d f o r t h i s r e a s o n m a n o m e t e r s w e r e p l a c e d a t 
c l o s e r i n t e r v a l s n e a r t h e s u r f a c e t h a n i n t h e d e e p e r r e g i o n s o f t h e b e d . 
I n c r e a s e i n h e a d l o s s w a s d e t e r m i n e d f r o m h o u r l y r e a d i n g s o f a l l m a n o m e ­
t e r s . . F i g u r e 2 d e p i c t s t h e h e a d l o s s p a t t e r n o b s e r v e d a f t e r f o u r h o u r s 




T h e e x p e r i m e n t a l a p p a r a t u s w a s d e s i g n e d t o e l i m i n a t e v a r i a t i o n i n 
s u c h p h y s i c a l f i l t e r p a r a m e t e r s a s f l o w r a t e (2 g p m / s q f t ) , "bed d e p t h 
(2k i n c h e s ) , "bed p o r o s i t y (kO p e r c e n t ) a n d s a n d s i z e (-20 +30 U . S . 
S t a n d a r d s i e v e f r a c t i o n ) . T h e e x p e r i m e n t a l p r o c e d u r e s w e r e d e s i g n e d t o 
m i n i m i z e o r e l i m i n a t e v a r i a t i o n i n t h e f o l l o w i n g p a r a m e t e r s , m o s t o f w h i c h 
a r e c h a r a c t e r i s t i c s o f t h e f i l t e r i n f l u e n t : 
1 . i n f l u e n t i r o n c o n c e n t r a t i o n , 
2. f l o e p a r t i c l e s i z e , 
3. f l o e a g e , 
k. t e m p e r a t u r e , 
5« c h a r a c t e r a n d s t r u c t u r e o f t h e f l o e , a n d 
6 . s u r f a c e c o n d i t i o n o f t h e s a n d g r a i n s a t t h e s t a r t o f a r u n . 
C o n c e n t r a t e d f l o e s u s p e n s i o n s w e r e p r e p a r e d f o r e a c h f i l t e r o n t h e 
d a y p r e c e d i n g e a c h r u n a n d c o n t a i n e d e q u a l c o n c e n t r a t i o n s o f f e r r i c i r o n . 
A u n i f o r m i r o n c o n c e n t r a t i o n i n t h e i n f l u e n t t o e a c h f i l t e r w a s o b t a i n e d 
b y p u m p i n g w i t h f o u r i d e n t i c a l p o s i t i v e d i s p l a c e m e n t pumps m o u n t e d o n t h e 
s a m e s h a f t a n d o p e r a t e d a t t h e same s p e e d b y a s i n g l e m o t o r . 
T h e - f l o e s i z e i n t h e i n f l u e n t t o e a c h f i l t e r w a s m a i n t a i n e d a t r e a ­
s o n a b l y c o n s t a n t l e v e l s b y p r o v i d i n g u n i f o r m m i x i n g a n d p u m p i n g f a c i l i t i e s 
f r o m t h e f l o e s t o r a g e t a n k s t h r o u g h t h e e n t i r e a p p a r a t u s t o t h e f i l t e r 
s u r f a c e . T h e f l o e p a r t i c l e s w h i c h r e a c h e d t h e f i l t e r s w e r e f o u n d t o b e 
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a b o u t 20 m i c r o n s i n s i z e . 
I t w a s d e s i r e d t o m a i n t a i n t h e s t r u c t u r e a n d c h a r a c t e r o f e a c h 
f l o e s u s p e n s i o n a s u n i f o r m a s p o s s i b l e t h r o u g h o u t a f i l t e r r u n . P r i o r 
t o a n e x p e r i m e n t a l r u n c o n c e n t r a t e d f l o c c u l a n t s u s p e n s i o n s w e r e p r e ­
p a r e d o n a s m a l l s c a l e s i m u l a t i n g a c t u a l f i l t e r r u n c o n d i t i o n s . T h e s e 
s u s p e n s i o n s w e r e p r e p a r e d w i t h t h e same pH, s a l t t y p e a n d c o n c e n t r a t i o n , 
a n d i r o n c o n c e n t r a t i o n a s t h o s e t o b e e m p l o y e d d u r i n g t h e r u n . T h e y 
w e r e a l l o w e d t o " a g e " f o r o n e d a y i n o r d e r t o s i m u l a t e e x p e r i m e n t a l 
c o n d i t i o n s , a f t e r w h i c h t h e y w e r e d i l u t e d t o p r o v i d e t h e d e s i r e d f i l t e r 
i n f l u e n t i r o n c o n c e n t r a t i o n . M e a s u r e m e n t s w e r e t h e n m a d e o f t h e e l e c ­
t r o p h o r e t i c m o b i l i t y o f t h e f e r r i c f l o e p a r t i c l e s . 
T h e s e p r e l i m i n a r y s u s p e n s i o n s w e r e p r e p a r e d w i t h a n a u t o m a t i c t i -
t r a t o r ( B e c k m a n m o d e l K) t o e l i m i n a t e a s much v a r i a t i o n i n f l o e s t r u c t u r e 
a n d c h a r a c t e r a s p o s s i b l e d u r i n g t h e f o r m a t i o n o f t h e f l o e . T h e g e n e r a l 
p r o c e d u r e w a s a s f o l l o w s : ; 
1 . P r e p a r e s t o c k s a l t s o l u t i o n s . 
2 . P r e p a r e s t o c k s o d i u m h y d r o x i d e s o l u t i o n . 
3 . P r e p a r e s t o c k f e r r i c c h l o r i d e s o l u t i o n . 
k. M e a s u r e o u t a v o l u m e o f d e m i n e r a l i z e d w a t e r l e s s t h a n t h e 
f i n a l v o l u m e d e s i r e d p r o v i d i n g f o r a d d i t i o n o f s a l t , f e r r i c 
c h l o r i d e a n d s o d i u m h y d r o x i d e s o l u t i o n s . 
5. Add s u f f i c i e n t s a l t s o l u t i o n t o p r o v i d e t h e d e s i r e d s a l t c o n ­
c e n t r a t i o n i n t h e f i n a l v o l u m e . 
6. S e t t h e d e s i r e d pH o n t h e c o n t r o l o f t h e a u t o m a t i c t i t r a t o r . 
7 . S l o w l y a d d f e r r i c c h l o r i d e m a n u a l l y a l l o w i n g t h e a u t o m a t i c 
t i t r a t o r t o m a i n t a i n t h e d e s i r e d pH b y a d d i n g s o d i u m h y d r o x i d e . 
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( T h e s o l u t i o n i s a d j u s t e d i n i t i a l l y t o t h e d e s i r e d pH "by 
a d d i t i o n o f e i t h e r s o d i u m h y d r o x i d e o r f e r r i c c h l o r i d e . ) 
8 . A f t e r s u f f i c i e n t f e r r i c c h l o r i d e w a s a d d e d t o p r o v i d e t h e d e ­
s i r e d f i n a l c o n c e n t r a t i o n o f i r o n , d e m i n e r a l i z e d w a t e r w a s 
a d d e d t o " b r i n g t h e s u s p e n s i o n t o t h e f i n a l d e s i r e d v o l u m e . 
( W i t h t r i a l t h e a m o u n t o f d e m i n e r a l i z e d w a t e r c o u l d h e k e p t 
t o a m i n i m u m . I n a n y c a s e t h e a m o u n t w a s s o s m a l l t h a t i t 
h a d n o s i g n i f i c a n t a f f e c t o n p H . ) 
9 . T h e c o n c e n t r a t e d f l o c c u l e n t s u s p e n s i o n s w e r e a l l o w e d t o a g e 
f o r o n e d a y . 
1 0 . D i l u t e f l o e s u s p e n s i o n s w e r e p r e p a r e d "by m i x i n g d e m i n e r a l i z e d 
w a t e r , s t o c k s a l t s o l u t i o n , a n d c o n c e n t r a t e d f l o e s u s p e n s i o n 
t o p r o d u c e a q u e o u s s u s p e n s i o n s c o n t a i n i n g s a l t a n d i r o n c o n ­
c e n t r a t i o n s e q u a l t o t h o s e t o h e e m p l o y e d d u r i n g t h e f i l t e r 
r u n . 
1 1 . T h e e l e c t r o p h o r e t i c m o b i l i t y a n d pH o f t h e d i l u t e f l o e s u s p e n ­
s i o n s w e r e d e t e r m i n e d . 
I t s h o u l d h e n o t e d t h a t t h e f l o e s u s p e n s i o n s w e r e p r e p a r e d a n d m a i n t a i n e d 
u n d e r c o n d i t i o n s w h i c h w e r e e q u i v a l e n t t o t h o s e e m p l o y e d d u r i n g t h e e x ­
p e r i m e n t a l r u n s . 
F e r r i c f l o e s u s p e n s i o n s f o r t h e e x p e r i m e n t a l r u n s w e r e p r e p a r e d 
i n a s i m i l a r m a n n e r w i t h t h e e x c e p t i o n t h a t t h e a u t o m a t i c t i t r a t o r w a s 
n o t e m p l o y e d . A pH m e t e r w a s s u b s t i t u t e d f o r t h e t i t r a t o r s i n c e i t w a s 
n o t c o n s i d e r e d a d a p t a b l e t o p r e p a r a t i o n o f t h e l a r g e r v o l u m e s - r e q u i r e d . 
B o t h t h e f e r r i c c h l o r i d e a n d s o d i u m h y d r o x i d e w e r e s l o w l y a d d e d m a n u a l l y 
i n o r d e r t o m a i n t a i n a c o n s t a n t pH a s i n d i c a t e d b y t h e m e t e r . A f t e r 
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p r e p a r a t i o n , t h e f l o e w a s p l a c e d i n s t o r a g e t a n k s w h e r e i t w a s m i x e d 
p r i o r t o a n d t h r o u g h o u t t h e e x p e r i m e n t a l r u n . 
The s a n d w a s c a r e f u l l y w a s h e d w i t h 1:1 h y d r o c h l o r i c a c i d b e t w e e n 
r u n s s o t h a t t h e s u r f a c e c o n d i t i o n o f t h e g r a i n s w o u l d b e i d e n t i c a l f o r 
e a c h r u n . T h e s a n d w a s r i n s e d w i t h d e m i n e r a l i z e d w a t e r , d r i e d a t 100° C, 
w e i g h e d , a n d r e p l a c e d i n t h e f i l t e r c o l u m n . The t e m p e r a t u r e : o f t h e s u s ­
p e n d i n g m e d i u m w a s m a i n t a i n e d a s c o n s t a n t a s p o s s i b l e b y a l l o w i n g i t t o 
come t o e q u i l i b r i u m w i t h t h e r o o m t e m p e r a t u r e p r i o r t o t h e s t a r t o f e a c h 
r u n . 
The f i r s t t w o e x p e r i m e n t a l r u n s w e r e t o c h e c k o u t t h e o p e r a t i o n 
o f t h e m o d e l f i l t e r a p p a r a t u s a n d t o s e e i f t h e r e s u l t s w e r e r e p r o d u c ­
i b l e b e t w e e n t h e f i l t e r s a n d a l s o b e t w e e n r u n s . T a p w a t e r c o n t a i n i n g 
50 m g / l o f a d d e d s o d i u m s u l f a t e w a s e m p l o y e d . A f e r r i c f l o e s u s p e n s i o n 
w a s p r e p a n e d a n d p l a c e d i n a l a r g e m o u t h j a r ( 5 g a l l o n c a p a c i t y ) f r o m 
w h i c h i t c o u l d b e pumped t o e a c h f i l t e r . The s u s p e n s i o n w a s m i x e d d u r ­
i n g t h e s e t w o r u n s w i t h a p r o p e l l e r t y p e m i x e r . 
Run 3 w a s d e s i g n e d t o o b s e r v e p o s s i b l e d i f f e r e n c e s i n f i l t r a t i o n 
o c c a s i o n e d b y t h e a d d i t i o n o f s e l e c t e d i n o r g a n i c s a l t s w h i c h w o u l d i n 
t u r n a f f e c t t h e e l e c t r o p h o r e t i c m o b i l i t y o f t h e s u s p e n d e d f l o e p a r t i c l e s . 
T h e s a l t s c h o s e n w e r e s o d i u m c h l o r i d e , s o d i u m s u l f a t e , t r i s o d i u m p h o s ­
p h a t e , a n d m a g n e s i u m c h l o r i d e . A q u e o u s f l o e s u s p e n s i o n s c o n t a i n i n g o n e 
o f t h e s e s a l t s a t a c o n c e n t r a t i o n o f 50 m g / l i n d e m i n e r a l i z e d w a t e r w e r e 
a p p l i e d t o e a c h o f t h e f o u r f i l t e r s . T h e pH v a r i e d f r o m f i l t e r t o f i l t e r , 
d e p e n d i n g u p o n t h e s a l t u s e d . 
T h e r e s u l t s o f t h e f i r s t t h r e e r u n s i n d i c a t e d t h a t t h e a p p a r a t u s 
f u n c t i o n e d e x t r e m e l y w e l l , a n d a l s o p r o v i d e d i n f o r m a t i o n f o r t h e d e s i g n 
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o f t h e n e x t t h r e e e x p e r i m e n t s . I t w a s d e c i d e d t o i n v e s t i g a t e t h e e f f e c t s 
o f s e l e c t e d i n o r g a n i c a n i o n s o n t h e f i l t r a t i o n p r o c e s s . C h l o r i d e , s u l ­
f a t e , a n d p h o s p h a t e a n i o n s "were s e l e c t e d a n d t h e i r e f f e c t s s,t a c o n c e n ­
t r a t i o n l e v e l o f 25 m g / l w e r e o b s e r v e d a t pH l e v e l s o f ^.0, 7*0, a n d 9«5« 
C o m p a r i s o n w a s made w i t h f i l t e r s t r e a t i n g f l o e p r e p a r e d a n d m a i n t a i n e d 
i n d e m i n e r a l i z e d w a t e r a d j u s t e d t o t h e d e s i r e d pH l e v e l . 
A pH o f 5*0 w a s e m p l o y e d f o r a l l f i l t e r s d u r i n g Run T h e 500 
g a l l o n d e m i n e r a l i z e d w a t e r s t o r a g e t a n k w a s a d j u s t e d t o t h i s ; pH b y a d d i ­
t i o n o f h y d r o c h l o r i c a c i d . T w e n t y - f i v e m g / l o f c h l o r i d e , s u l f a t e , a n d 
p h o s p h a t e i o n s ( p r e p a r e d f r o m s o d i u m c h l o r i d e , s o d i u m s u l f a t e , a n d m o n o ­
b a s i c s o d i u m p h o s p h a t e ) w e r e a d d e d t o t h r e e e x p e r i m e n t a l f i l t e r s . One 
f i l t e r r e c e i v e d o n l y pH a d j u s t e d d e m i n e r a l i z e d w a t e r . 
Run 5 w a s made a t a pH o f 9«5« T w e n t y - f i v e m g / l o f b i c a r b o n a t e 
i o n ( f r o m s o d i u m b i c a r b o n a t e ) w e r e a d d e d t o t h e s t o r a g e t a n k t o p r o v i d e 
some b u f f e r c a p a c i t y . T h e t a n k w a s t h e n a d j u s t e d t o pH 9-5 w i t h s o d i u m 
h y d r o x i d e . T w e n t y - f i v e m g / l o f c h l o r i d e , s u l f a t e , a n d p h o s p h a t e ( p r e ­
p a r e d f r o m s o d i u m c h l o r i d e , s o d i u m s u l f a t e a n d d i b a s i c s o d i u m p h o s p h a t e ) 
w e r e a d d e d t o t h r e e o f t h e f i l t e r s w i t h t h e o t h e r f i l t e r a g a i n a c t i n g 
a s a c o n t r o l . 
Run 6 w a s made a t a pH o f "J .0. The s t o r a g e t a n k w a s t i t r a t e d t o 
pH 7-0 w i t h s o d i u m b i c a r b o n a t e . I t w a s n e c e s s a r y t o t i t r a t e m o n o b a s i c 
s o d i u m p h o s p h a t e t o pH 7*0 w i t h s o d i u m h y d r o x i d e f o r pH c o n t r o l i n t h e 
p h o s p h a t e s y s t e m . T w e n t y - f i v e m g / l o f c h l o r i d e , s u l f a t e , a n d p h o s p h a t e 
( p r e p a r e d f r o m s o d i u m c h l o r i d e , s o d i u m s u l f a t e , a n d t h e t i t r a t e d m o n o ­
b a s i c s o d i u m p h o s p h a t e ) w e r e t h e n pumped t o t h e f i l t e r s a s b e f o r e . A g a i n , 
o n e f i l t e r r e c e i v e d o n l y t h e b u f f e r e d d e m i n e r a l i z e d w a t e r . 
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I t s h o u l d b e n o t e d t h a t a s e p a r a t e f l o c c u l a n t s u s p e n s i o n w a s p r e ­
p a r e d f o r e a c h f i l t e r f o r R u n s 3 t h r o u g h 6 . E a c h c o n c e n t r a t e d s u s p e n s i o n 
c o n t a i n e d t h e s ame a d d e d s a l t c o n c e n t r a t i o n a n d pH l e v e l a s t h e a q u e o u s 




T h e e f f e c t s o f s e l e c t e d i n o r g a n i c i o n s o n t h e f i l t r a t i o n p r o c e s s 
h a v e "been e v a l u a t e d i n t e r m s o f t w o common c r i t e r i a f o r f i l t e r p e r f o r m ­
a n c e : ( l ) t i m e r a t e o f c l o g g i n g a s m e a s u r e d b y h e a d l o s s i n c r e a s e , a n d 
(2) t h e r a t e o f b e d p e n e t r a t i o n . 
S i x e x p e r i m e n t a l r u n s w e r e made e m p l o y i n g f o u r f i l t e r s d u r i n g e a c h 
r u n . T h e f i r s t r u n w a s d e s i g n e d t o c h e c k t h e o p e r a t i o n o f t h e m o d e l f i l ­
t e r a p p a r a t u s a n d t o c h e c k t h e r e s u l t s f o r r e p r o d u c i b i l i t y b e t w e e n e a c h 
f i l t e r . T a p w a t e r c o n t a i n i n g 50 m g / l o f a d d e d s o d i u m s u l f a t e w a s e m p l o y e d . 
A s i n g l e c o n c e n t r a t e d f l o e s u s p e n s i o n p r o v i d e d f l o e f o r a l l f o u r f i l t e r s . 
T h e f l o e pumps w e r e e a c h o p e r a t e d a t a f l o w r a t e o f 2.5 m l / n i n t o p r o d u c e 
a n i r o n c o n c e n t r a t i o n i n t h e i n f l u e n t t o e a c h f i l t e r o f 1 m g / l . A f t e r 
17 h o u r s o f o p e r a t i o n a t o t a l h e a d l o s s o f 1.5 f e e t a n d a b e d p e n e t r a t i o n 
o f a p p r o x i m a t e l y 15 i n c h e s w e r e p r o d u c e d . T h r e e o f t h e f i l t e r s c o r r e l a t e d 
v e r y c l o s e l y w i t h o n e f i l t e r d e v i a t i n g s l i g h t l y . The r e s u l t s w e r e c o n ­
s i d e r e d t o c o n f i r m t h e a b i l i t y o f t h e e x p e r i m e n t a l a p p a r a t u s a n d t e c h n i q u e s 
t o y i e l d r e p r o d u c i b l e d a t a b e t w e e n f i l t e r E > d u r i n g a r u n . 
Run 2 w a s d e s i g n e d t o c h e c k r e p r o d u c i b i l i t y o f r e s u l t s b e t w e e n f i l ­
t e r r u n s . New s a n d w a s p l a c e d i n t w o o f t h e f i l t e r s a n d s a n d f r o m Run 1 
l e f t i n t h e o t h e r t w o u n i t s . T h e o l d s a n d b e d s w e r e t h o r o u g h l y b a c k w a s h e d 
b e t w e e n r u n s . W i t h t h i s e x c e p t i o n , Run 2 w a s c o n d u c t e d j u s t a s Run 1. 
T h e t w o f i l t e r s c o n t a i n i n g new s a n d p r o d u c e d e s s e n t i a l l y t h e : s ame r e s u l t s 
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a s Run 1. A f t e r 17 h o u r s t h e p e n e t r a t i o n f o r t h e f i l t e r s w i t h new s a n d 
w a s a p p r o x i m a t e l y 15 i n c h e s a s b e f o r e , b u t o n l y 9 i n c h e s i n t h e t w o f i l ­
t e r s c o n t a i n i n g o l d s a n d . I n a d d i t i o n , a s o m e w h a t g r e a t e r h e a d l o s s w a s 
p r o d u c e d i n t h e f i l t e r s c o n t a i n i n g o l d s a n d . T h e e l e c t r o p h o r e t i c m o b i l ­
i t y o f t h e i n f l u e n t f l o e p a r t i c l e s w a s o b s e r v e d t o b e -1.22 j j , / s e c / v o l t / c m . 
B a s e d o n t h e r e s u l t s o f R u n s 1 a n d 2 i t w a s d e c i d e d t h a t r e p r o d u c i ­
b i l i t y b e t w e e n f i l t e r s a n d b e t w e e n f i l t e r r u n s w a s w i t h i n a c c e p t a b l e l i m ­
i t s . B a s e d o n t h e r e s u l t s o f Run 2 i t w a s d e c i d e d t o t r e a t a l l s a n d w i t h 
1:1 h y d r o c h l o r i c a c i d b e f o r e r e u s e i n t h e f i l t e r s , s o t h a t v a r i a t i o n i n 
t h e s a n d s u r f a c e c h a r a c t e r i s t i c s w o u l d n o t c o m p l i c a t e t h e i n t e r p r e t a t i o n 
o f r e s u l t s . 
Run 3 "was d e s i g n e d t o t e s t w h e t h e r d i f f e r e n c e s i n f i l t r a t i o n c o u l d 
b e d e m o n s t r a t e d b y t h e a d d i t i o n o f s e l e c t e d i n o r g a n i c s a l t s . F i f t y m g / l 
o f N a C l , N a 2 S 0 ^ , N a ^ P O ^ , a n d M g C l 2 w e r e c h o s e n f o r s t u d y . D e m i n e r a l i z e d 
w a t e r w a s u s e d i n t h e s t o r a g e t a n k f o r t h e f i r s t t i m e . T h e i n f l u e n t i r o n 
c o n c e n t r a t i o n w a s r a i s e d t o k m g / l i n a n a t t e m p t t o m i n i m i z e v a r i a t i o n s 
i n i n f l u e n t i r o n c o n c e n t r a t i o n s n o t e d i n R u n s 1 a n d 2. I t w a s d e c i d e d 
t h a t t h i s i n c r e a s e d i r o n c o n c e n t r a t i o n w o u l d a l s o p r o d u c e g r e a t e r v a r i a ­
t i o n i n h e a d l o s s a n d b e d p e n e t r a t i o n i f c h e m i c a l a s p e c t s w e r e i n d e e d i m ­
p o r t a n t . T a b l e 1 i s a s u m m a r y o f t h e f i l t e r i n f l u e n t c h a r a c t e r i s t i c s em­
p l o y e d d u r i n g Run 3« The o b s e r v e d h e a d l o s s a n d b e d p e n e t r a t i o n a r e p l o t ­
t e d a g a i n s t f i l t r a t i o n t i m e i n F i g u r e 12. S i g n i f i c a n t d i f f e r e n c e s i n f i l ­
t r a t i o n c a n b e n o t e d f o r t h e f o u r s y s t e m s s t u d i e d . 
I r o n d a t a f r o m s a m p l e s o b t a i n e d w i t h i n t h e f i l t e r b e d s w e r e n o t 
c o n c l u s i v e a n d i n m a n y c a s e s g a v e c o n c e n t r a t i o n s a s h i g h a s f i v e t i m e s 
t h e i n f l u e n t i r o n c o n c e n t r a t i o n . T h i s w a s a l s o n o t e d i n R u n s 1 a n d 2, 
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T a b l e 1. F i l t e r I n f l u e n t C h a r a c t e r i s t i c s f o r Run 3 
F i l t e r 1 
F i l t e r 2 
F i l t e r 3 F i l t e r k 
S a l t A d d e d Na^PO^ M g C l 2 N a 2 S 0 [ f N a C l 
S a l t 
C o n c e n t r a t i o n , 
M g / l 
0 
* 5 0 m g / l 50 m g / l 50 m g / l 50 m g / l 
pH 6.5 
*10.2 6.2 6.5 6.5 
F l o e M o b i l i t y , 
ji / s e c / v o l t / c m 
-1.36 
*-1.99 +1A3 -1.29 -1.32 
S p e c i f i c 
R e s i s t a n c e , 
Ohm-cm 
2 8 , 2 0 0 *7,650 6,450 8,300 7,300 
A v e r a g e 
T e m p e r a t u r e , 
°c 
26.0 26.0 26.0 26.0 
* N o t e : S a l t pump f o r F i l t e r 1 o p e r a t e d f o r o n l y 1 h o u r d u r i n g 
t h e r u n . S t a r r e d v a l u e s w e r e o b s e r v e d w h i l e t h e pump 
w a s o p e r a t i n g ; u n s t a r r e d v a l u e s w e r e o b s e r v e d d u r i n g t h e 
r e m a i n d e r o f t h e r u n . 
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0 I I 1 1 1 L 
0 2 4 6 8 10 12 
TIME (HOURS) 
F i g u r e 12. B e d P e n e t r a t i o n a n d H e a d L o s s V e r s u s T ime D u r i n g Run 3» 
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w i t h t h e r e s u l t t h a t t h e s a m p l i n g p r o c e d u r e w a s c h a n g e d f o r Run 3» D u r ­
i n g t h e i n i t i a l t w o r u n s t h e s a m p l i n g p o i n t s w e r e a l l o w e d t o f l o w c o n t i n ­
u o u s l y a t a r a t e o f a p p r o x i m a t e l y o n e m l / m i n , t h e p r o c e d u r e e m p l o y e d "by 
O ' M e l i a . A g r e a t d e a l o f d i f f i c u l t y w a s e n c o u n t e r e d i n m a i n t a i n i n g t h i s 
l o w f l o w r a t e a n d f r e q u e n t a d j u s t m e n t s w e r e r e q u i r e d . I n Run 3 t h e s a m ­
p l i n g p o i n t s w e r e a l l o w e d t o f l o w a t a r a t e o f a b o u t 5 0 m l / n i n f o r a f e w 
s e c o n d s , a f t e r w h i c h s a m p l e s w e r e c o l l e c t e d a t t h e f l o w r a t e o f a b o u t 
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one m l / n i n . T h i s p r o c e d u r e w a s s i m i l a r t o t h a t e m p l o y e d b y E l i a s s e n 
T h e r e s u l t s w e r e a g a i n q u i t e e r r a t i c , i n d i c a t i n g t h a t f l o e w e r e p e r i o d i ­
c a l l y s h e a r e d o f f b y h y d r o d y n a m i c f o r c e s . S a m p l e s f r o m w i t h i n t h e f i l ­
t e r b e d w e r e e l i m i n a t e d d u r i n g a l l r u n s m a d e a f t e r Run 3« F i l t e r s w e r e 
s t i l l s a m p l e d t o m e a s u r e b e d p e n e t r a t i o n a t t h e t e r m i n a t i o n o f s u c c e e d i n g 
r u n s . 
R u n s k, 5) a n d 6 w e r e d e s i g n e d t o t e s t t h e e f f e c t s o f c h l o r i d e , 
s u l f a t e , a n d p h o s p h a t e i o n s o n t h e f i l t r a t i o n p r o c e s s a t d i f f e r e n t h y ­
d r o g e n i o n c o n c e n t r a t i o n s . T h e s e r u n s w e r e c o n d u c t e d i n a m a n n e r s i m ­
i l a r t o Run 3 w i t h o n e e x c e p t i o n : t h e f l o e p u m p i n g r a t e w a s i n c r e a s e d 
t o 5 * 0 m l / m i n t o m i n i m i z e s e t t l i n g o f t h e f l o e i n t h e l i n e s l e a d i n g f r o m 
t h e f l o e s t o r a g e t a n k s . T h e s e t h r e e r u n s w i l l b e d i s c u s s e d c o l l e c t i v e l y . 
T h e r e l a t i o n s h i p s o b s e r v e d b e t w e e n h e a d l o s s a n d b e d p e n e t r a . t i o n w i t h 
t h e w e i g h t o f i r o n a p p l i e d t o t h e f i l t e r s a r e p r e s e n t e d i n F i g u r e s 1 3 , 
lk, a n d 1 5 . F i l t e r i n f l u e n t c h a r a c t e r i s t i c s a r e p r e s e n t e d i n T a b l e s 2 , 
3 , a n d 4 . To f a c i l i t a t e a c o m p a r i s o n o f t h e e f f e c t s o f a c h a n g e i n h y ­
d r o g e n i o n c o n c e n t r a t i o n o n e a c h a q u e o u s s y s t e m , F i g u r e s l 6 t h r o u g h 1 9 
a r e p r e s e n t e d . T h e s e a n d o t h e r d a t a p r e s e n t e d i n t h i s c h a p t e r a r e d i s ­
c u s s e d i n d e t a i l i n C h a p t e r V I I . 
F i g u r e 13• Bed P e n e t r a t i o n a n d H e a d L o s s V e r s u s T o t a l 
I r o n A p p l e d a t pH 5 . 0 D u r i n g Run k. 

F i g u r e 1 5 . B e d P e n e t r a t i o n a n d H e a d L o s s V e r s u s T o t a l 
I r o n A p p l i e d a t pH J.O D u r i n g Run 6 . 
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T a b l e 2. F i l t e r I n f l u e n t C h a r a c t e r i s t i c s f o r Run k 
F i l t e r 1 F i l t e r 2 F i l t e r 3 
F i l t e r k 
S a l t A d d e d None N a C l N a 2 S 0 ^ N a H 2 P 0 ^ 
S a l t 
C o n c e n t r a t i o n , 
m g / l 
0 25 
c h l o r i d e 
25 
s u l f a t e 
25 
p h o s p h a t e 
pH 5.0 5-0 5-0 5 .0 
F l o e M o b i l i t y , 
\i / s e c / v o l t / c m +1.95 +2 .23 +0.52 -1.28 
S p e c i f i c 
R e s i s t a n c e 
Ohm-cm 
28,200 7,600 9,600 19,000 
F l o e s i z e , \i 
( l o n g a n d s h o r t 
d i m e n s i o n s ) 
2 0 x 15 18 x 15 2 1 x 15 15 x 5 
A v e r a g e 
T e m p e r a t u r e , 2 2 . 2 2 2 . 2 2 2 . 2 2 2 . 2 
pH c o n t r o l : 
c h e m i c a l a d d e d HC1 HC1 HC1 HC1 
t o s t o r a g e t a n k 
Ik 
F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r k 
S a l t A d d e d None N a C l Na 2S0^ Na2HP0^ 
S a l t 
C o n c e n t r a t i o n , 
m g / l 
0 25 
c h l o r i d e 
25 
s u l f a t e 
25 
p h o s p h a t e 
pH 9-5 9-5 9.5 9.5 
F l o e M o b i l i t y , 
LJ, / s e c / v o l t / c m -1.72 -1.03 -1.55 -2.16 
S p e c i f i c 
R e s i s t a n c e , 
Ohm-cm 
8,700 7,800 7,100 8,200 
F l o e S i z e , (x 
( l o n g a n d s h o r t 
d i m e n s i o n s ) 
23 x 17 26 x 19 21 x Ik 21 x 15 
A v e r a g e 
T e m p e r a t u r e 22.5 22.5 22.5 22.5 
pH c o n t r o l : 
c h e m i c a l s a d d e d 
t o s t o r a g e t a n k 
25 m g / l 
HCO ~ f r o m 
NaHCO + 
NaOH 5 t o 
pH 9.5 
25 m g / l 
HCO " f r o m 
NaHCO0 + 
NaOH J t o 
pH 9-5 
25 m g / l 
HCO " f r o m 
NaHCO~ + 
NaOH J t o 
pH 9.5 
25 m g / l 
HCO " f r o m 
NaHCO 0 + 
NaOH ho 
pH 9.5 
T a b l e 3» F i l t e r I n f l u e n t C h a r a c t e r i s t i c s f o r Run 5 
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T a b l e 4 . F i l t e r I n f l u e n t C h a r a c t e r i s t i c s f o r Run 6 
F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
S a l t A d d e d N o n e N a C l N a 2 S 0 ^ N a H 2 P 0 ^ 
S a l t 
C o n c e n t r a t i o n , 
m g / l 
0 25 
c h l o r i d e 
25 
s u l f a t e 
25 
p h o s p h a t e 
pH 7.0 7.0 7.0 7.0 
F l o e M o b i l i t y , 
jj, / s e c / v o l t / c m -0.71 -0 .64 -0.77 -I .85 
S p e c i f i c 
R e s i s t a n c e 
Ohm-cm 
29,500 9,900 7,900 13,900 
F l o e s i z e , \i 
( l o n g a n d s h o r t 
d i m e n s i o n s ) 
26 x 17 15 x 10 16 x 10 20 x 13 
A v e r a g e 
T e m p e r a t u r e , 
°C 
22.0 22.0 22.0 22.0 
pH c o n t r o l : 
c h e m i c a l a d d e d 
t o s t o r a g e t a n k 
NaHCO, 
t o pH J7-0 
NaHCOo 
t o p I T 7 . 0 
NaHCO^ 
t o pH J7-0 
NaHCO ̂  
t o pH J 7.0 
C h e m i c a l a d d e d t o 
s a l t s o l u t i o n 
N o n e None None NaOH t o 
pH 7-0 
F i g u r e l 6 . Bed P e n e t r a t i o n a n d H e a d L o s s V e r s u s T o t a l 
I r o n A p p l i e d w i t h D e m i n e r a l i z e d W a t e r . 
F i g u r e 17. Bed P e n e t r a t i o n a n d H e a d L o s s V e r s u s T o t a l 
I r o n A p p l i e d w i t h 25 m g / l C h l o r i d e . 
F i g u r e 18. Bed P e n e t r a t i o n a n d H e a d L o s s V e r s u s T o t a l 
I r o n A p p l i e d w i t h 25 m g / l S u l f a t e . 
F i g u r e 19. B e d P e n e t r a t i o n a n d H e a d L o s s V e r s u s T o t a l 
I r o n A p p l i e d w i t h 25 m g / l P h o s p h a t e . 
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A f t e r 7»25 h o u r s o f f i l t r a t i o n i n Run k t h e p h o s p h a t e : s a l t pump 
w a s s h u t o f f . T h e e f f e c t s r e s u l t i n g f r o m t h i s p r o c e d u r e s h o u l d i n d i c a t e 
t h e r e l a t i v e i m p o r t a n c e o f i o n s i n c o r p o r a t e d i n t o t h e f l o e s t r u c t u r e a n d 
t h o s e d i s s o l v e d i n t h e a q u e o u s p h a s e o f t h e s u s p e n s i o n . F i g u r e s 20 a n d 
21 p r e s e n t t h e r e s u l t s o f t h i s e x p e r i m e n t . 
H e a d l o s s a n d b e d p e n e t r a t i o n a r e b o t h i m p o r t a n t i n t h e f i l t r a ­
t i o n p r o c e s s . Some i n v e s t i g a t o r s h a v e a d v o c a t e d t h e u s e o f v e r y s h a l l o w 
f i l t e r s s i n c e t h e y f o u n d t h e r e m o v a l o f s u s p e n d e d m a t t e r t o o c c u r v e r y 
n e a r t h e s u r f a c e . A f i l t e r t h a t f u n c t i o n e d i n t h i s m a n n e r w a s o b s e r v e d 
d u r i n g Run 6 a n d i s d e p i c t e d i n F i g u r e 22. I n c o n t r a s t t o r e m o v a l a t o r 
n e a r t h e s u r f a c e , c o m p l e t e b e d p e n e t r a t i o n c a n r e s u l t w i t h t h e r e m o v a l 
l o a d b e i n g d i s t r i b u t e d t h r o u g h o u t t h e b e d d e p t h . F i g u r e 23 d e p i c t s a 
f i l t r a t i o n s y s t e m o f t h i s t y p e o b s e r v e d d u r i n g Run 5« F i g u r e 2k i l l u s ­
t r a t e s a n u n u s u a l c a s e t h a t w a s o b s e r v e d d u r i n g Run 5' I t i s u n i q u e i n 
t h a t t h e r e w a s l e s s h e a d l o s s a c r o s s t h e f i r s t i n c h t h a n t h e n e x t t w o 
i n c h e s . 
L o s s o f h e a d i s l i n e a r l y d i s t r i b u t e d a c r o s s a s a n d b e d w h e n c l e a n 
w a t e r i s p a s s e d t h r o u g h i t . As s u s p e n d e d m a t t e r i s r e m o v e d b y t h e f i l t e r 
t h i s l i n e a r r e l a t i o n d i s a p p e a r s . T h e d a t a p r e s e n t e d i n F i g u r e 25 i l l u s ­
t r a t e s t h i s p h e n o m e n o n . T h e p e n e t r a t i o n c u r v e f o r t h i s f i l t e r i s s u p e r ­
i m p o s e d o n t h e h e a d l o s s c u r v e s . F i g u r e 26 c o n t a i n s t h e s ame d a t a shown 
i n F i g u r e b u t p r e s e n t s i t i n a s o m e w h a t d i f f e r e n t m a n n e r . T h e c h a n g e 
i n p r e s s u r e a t d i f f e r e n t d e p t h s i s m o r e c l e a r l y p r e s e n t e d b y a c u r v e o f 
t h i s t y p e . 
A f t e r 6.5 h o u r s o f o p e r a t i o n d u r i n g Run k t h e f i l t e r b e d w a s d i s ­
t u r b e d d u e t o a m a l f u n c t i o n o f t h e m a n o m e t e r s u p p r e s s o r s y s t e m . T h i s 
0 4 8 12 16 
TIME (HOURS) 
F i g u r e 20. Bed P e n e t r a t i o n a n d H e a d L o s s V e r s u s T ime 
•wi th 25 m g / l P h o s p h a t e a t pH 5*0 D u r i n g Run k. 
8 2 
F i g u r e 2 1 . B e d P e n e t r a t i o n a n d H e a d L o s s p e r I n c h V e r s u s 
Time w i t h 2 5 m g / l P h o s p h a t e a t pH 5 « 0 D u r i n g 
Run 4 . 
TIME (HOURS) 
F i g u r e 2 2 . Bed P e n e t r a t i o n a n d H e a d L o s s p e r I n c h f o r 
F i l t e r w i t h R e m o v a l N e a r S u r f a c e o f F i l t e r . 
84 
F i g u r e 23- Bed P e n e t r a t i o n a n d H e a d L o s s p e r I n c h f o r F i l t e r 
w i t h R e m o v a l D i s t r i b u t e d T h r o u g h o u t F i l t e r B e d . 
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F i g u r e 2k. Bed P e n e t r a t i o n a n d H e a d L o s s p e r I n c h f o r F i l t e r w i t h 
G r e a t e r Head L o s s a t I n t e r v a l s W i t h i n t h e F i l t e r Bed 
t h a n a t t h e S u r f a c e . 
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0 4 8 12 16 20 24 
DEPTH (INCHES) 
F i g u r e 25. H e a d L o s s V e r s u s B e d D e p t h f o r S e v e r a l F i l t e r a t i o n T i m e s . 
TIME (HOURS) 
F i g u r e 26. Head L o s s V e r s u s F i l t e r a t i o n T ime f o r S e v e r a l Bed D e p t h s . 
C O 
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d i s t u r b a n c e r e s u l t e d i n a d e c r e a s e i n h e a d l o s s b u t t h e s y s t e m r e c o v e r e d 
i n a b o u t a h a l f h o u r . I n o r d e r t o p r e s e n t t h e r e s u l t s i n t h e m a n n e r t h a t 
•would h a v e o c c u r r e d - w i t h o u t t h e m i s h a p , a l l h e a d l o s s d a t a i n Run h a f t e r 
6.00 h o u r s o f e l a p s e d t i m e w e r e s h i f t e d o n e h a l f h o u r t o w a r d z e r o t i m e . 
A s i m i l a r m i s h a p o c c u r r e d i n Run 5 f o r t h e f i l t e r r e c e i v i n g t h e s u l f a t e 
s y s t e m . A l l d a t a f o r t h i s f i l t e r a f t e r 9 * 1 h o u r s o f o p e r a t i o n h a v e b e e n 
s h i f t e d 1 . 5 h o u r s t o w a r d t h e o r i g i n . T h e a c t u a l t i m e a n d a d j u s t e d t i m e s 
a r e g i v e n i n A p p e n d i x A f o r t h e i n t e r e s t e d r e a d e r . T h e s e m i s h a p s d i d 
n o t s e r i o u s l y a f f e c t b e d p e n e t r a t i o n a n d t h e s e d a t a w e r e n o t a d j u s t e d . 
S i n c e t h e d a t a f o r R u n s k, 5 , a n d 6 a r e c o m p a r e d n o t o n l y b e t w e e n 
f i l t e r s d u r i n g e a c h r u n b u t a l s o b e t w e e n f i l t e r s d u r i n g d i f f e r e n t r u n s , 
t h e h e a d l o s s a n d p e n e t r a t i o n d a t a w e r e p l o t t e d a g a i n s t t o t a l i r o n a p p l i e d . 
T h i s e l i m i n a t e s a n y v a r i a t i o n r e s u l t i n g f r o m d i f f e r e n c e s i n a p p l i e d i r o n 
c o n c e n t r a t i o n . T h e a b s c i s s a (mg o f f e r r i c i r o n a p p l i e d ) i s c o m p u t e d f r o m 
t h e p r o d u c t o f t h e f l o w r a t e (2 g p m / s q f t ) , t h e f i l t r a t i o n t i m e , a n d t h e 
a v e r a g e a p p l i e d i r o n c o n c e n t r a t i o n f o r e a c h f i l t e r . 
I t w a s f e l t t h a t a m o r e c o m p l e t e u n d e r s t a n d i n g o f t h e c h e m i c a l a s ­
p e c t s o f s a n d f i l t r a t i o n w o u l d r e q u i r e some k n o w l e d g e o f t h e e f f e c t s o f 
t h e c h e m i c a l c o m p o s i t i o n o f t h e a q u e o u s p h a s e o n t h e s u r f a c e o f t h e f i l ­
t e r m e d i u m . T a b l e 5 s u m m a r i z e s t h e r e s u l t s o f e x p e r i m e n t s c o n d u c t e d o n 
s a n d w i t h t h e same a q u e o u s s o l u t i o n s u s e d i n t h e f i l t e r r u n s . T h e e f f e c t s 
o f pH o n t h e e l e c t r o p h o r e t i c m o b i l i t y o f t h e s a n d a r e shown i n F i g u r e 27. 
A l l d a t a u s e d i n p r e p a r a t i o n o f t h e f i g u r e s a r e c o m p i l e d i n t h e 
A p p e n d i c e s . 
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T a b l e 5 . E l e c t r o p h o r e t i c M o b i l i t y o f S a n d A l l o w e d t o R e a c h E q u i l i b r i u m 
w i t h A q u e o u s S o l u t i o n s U s e d i n F i l t r a t i o n R e s e a r c h 
F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r £ 
Run 3 
M o b i l i t y -3 . 2 0 - 1 . 4 1 7 - 2 . 8 1 - 2 . 8 1 
pH 1 0 . 4 5 6 . 0 2 5.98 6 . 0 0 
R e s i s t a n c e 8,700 8 , 0 0 0 1 1,600 9,100 
A d d e d s a l t Na^PO^ M g C l 2 N a 2 S 0 ^ N a C l 
Run 4 
M o b i l i t y - 2 . 1 0 - 2 . 3 8 -2.76 - 2 . 0 5 
PH 5.16 5 . 1 2 5 . 1 2 5 . 0 0 
R e s i s t a n c e 2 9 6 , 0 0 0 1 1 , 4 0 0 14,800 4 1 , 0 0 0 
A d d e d s a l t N o n e N a C l N a 2 S 0 ^ N a H 2 P 0 ^ 
Run 5 
M o b i l i t y - 2 . 2 2 - 2 . 2 2 - 2.35 - 2 . 5 4 
pH 8 . 1 0 8.63 8 . 1 2 8 . 6 5 
R e s i s t a n c e 20,000 7 , 5 0 0 9,000 9,900 
A d d e d s a l t None N a C l N a 2 S 0 ^ N a 2 H P 0 ^ 
Run 6 
M o b i l i t y - 2 . 3 5 - 2.70 - 2 . 6 l - 2 . 4 6 
pH 6.90 6.78 6.72 7 . 1 0 
R e s i s t a n c e 1 1 0 , 0 0 0 1 0 , 5 0 0 1 3 , 1 0 0 24,600 
A d d e d s a l t N o n e N a C l Na S 0 ^ N a H 2 P 0 ^ 
N o t e : S e e T a b l e s 1 , 2 , 3 a n d 4 f o r m o r e i n f o r m a t i o n o n t h e 
a q u e o u s s y s t e m s u s e d . 
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CHAPTER V I I 
DISCUSSION OF RESULTS 
The f i r s t o b j e c t i v e o f t h i s r e s e a r c h w a s t o e v a l u a t e t h e i m p o r ­
t a n c e o f c h e m i c a l a s p e c t s i n t h e s a n d f i l t r a t i o n p r o c e s s . T h e s e c o n d o b ­
j e c t i v e w a s t o d e t e r m i n e t h e e f f e c t s o f s e l e c t e d c h e m i c a l s y s t e m s o n t h e 
p a r a m e t e r s u s e d i n s a n d f i l t e r d e s i g n . The t h i r d a i m w a s t o d e t e r m i n e 
t h e p r i n c i p a l p a r t i c l e c o l l e c t i o n m e c h a n i s m i n t h e f i l t r a t i o n o f f l o c c u -
l a n t s u s p e n s i o n s . T h e f o l l o w i n g d i s c u s s i o n p r e s e n t s t h e r e s u l t s o f t h i s 
r e s e a r c h i n l i g h t o f t h e s e g o a l s . 
A t o t a l o f s i x f i l t e r r u n s w e r e made u t i l i z i n g f o u r f i l t e r s d u r ­
i n g e a c h r u n . T h e r e s u l t s o b t a i n e d f r o m a n i n v e s t i g a t i o n o f s i x t e e n 
c h e m i c a l s y s t e m s a r e a n a l y z e d i n t h i s d i s c u s s i o n . 
An i n s p e c t i o n o f t h e d a t a p r e s e n t e d i n F i g u r e 12 r e v e a l s t h a t s i g ­
n i f i c a n t d i f f e r e n c e s i n f i l t r a t i o n c a n b e p r o d u c e d b y a changes i n t h e 
c h e m i c a l c o m p o s i t i o n o f t h e s u s p e n d i n g m e d i u m . I t w a s p l a n n e d t o s t u d y 
t h e e f f e c t s o f 50 m g / l o f N a C l , N a 2S0^, N a ^ P O ^ , a n d M g C l 2 . T h i s c o m b i n a ­
t i o n p r o v i d e d c a t i o n s a n d a n i o n s o f d i f f e r e n t v a l e n c e f o r s t u d y . A l l 
w e r e a t a p p r o x i m a t e l y t h e s ame pH (6.5) e x c e p t t h e Na^PO^ s y s t e m w h i c h 
w a s a t a pH o f 10.2. T h e p h o s p h a t e pump w a s i n o p e r a t i v e e x c e p t f o r o n e 
h o u r p e r i o d ( s h o w n i n F i g u r e 12) a n d t h e r e s u l t i n g pH w a s c l o s e t o t h a t 
o f t h e o t h e r f i l t e r s f o r m o s t o f t h e r u n . T h e r e w a s l i t t l e i n c r e a s e i n 
h e a d l o s s d u r i n g t h i s o n e h o u r p e r i o d , a f t e r w h i c h t h e r a t e o f h e a d l o s s 
s t a r t e d i n c r e a s i n g a t a p p r o x i m a t e l y t h e s ame r a t e a s b e f o r e t h e p h o s p h a t e 
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w a s a d d e d t o t h e f i l t e r . U n f o r t u n a t e l y , n o p e n e t r a t i o n d a t a w e r e t a k e n 
d u r i n g t h i s p e r i o d . 
I n o r d e r t o g a i n a b e t t e r u n d e r s t a n d i n g o f t h e f i l t r a t i o n p r o c e s s 
R u n s 4 , 5 , a n d 6 w e r e d e s i g n e d . I t w a s d e c i d e d t o s t u d y t h e e f f e c t s o f 
s e l e c t e d a n i o n s on t h e f i l t r a t i o n p r o c e s s w i t h o n e o f t h e f o u r f i l t e r s 
"be ing u s e d a s a c o n t r o l . Stumm a n d Morgan^"*" d i s c u s s e d t h e e i ' f e c t s o f 
c h l o r i d e , s u l f a t e , a n d p h o s p h a t e i o n s on c o a g u l a t i o n w i t h f e r r i c s a l t s . 
S i n c e some i n f o r m a t i o n w a s a v a i l a b l e c o n c e r n i n g t h e e f f e c t s o f t h e s e a n ­
i o n s o n t h e f l o e t h e y w e r e s e l e c t e d f o r s t u d y . T w e n t y - f i v e m g / l o f e a c h 
a n i o n w e r e e m p l o y e d a t pH l e v e l s o f 5 . 0 , 7*0, a n d 9'5. T h i s c o n c e n t r a -
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t i o n a n d r a n g e o f pH i s w i t h i n t h e l i m i t s e n c o u n t e r e d i n n a t u r a l w a t e r s 
i n t h i s c o u n t r y a n d p r o v i d e d a w i d e r a n g e i n f l o e s u r f a c e c h a r a c t e r i s t i c s . 
An i n v e s t i g a t i o n o f t h e d a t a p r e s e n t e d i n F i g u r e s 13 t h r o u g h 19 
r e v e a l s t h a t w i d e d i f f e r e n c e s i n r e m o v a l , a s c h a r a c t e r i z e d b y b e d p e n e ­
t r a t i o n a n d h e a d l o s s , w e r e d e m o n s t r a t e d . S i n c e n o r m a l p a r a m e t e r s s u c h 
a s s a n d s i z e ( - 2 0 + 30 m e s h ) , f l o w r a t e ( 2 g p m / s q f t ) , b e d d e p t h ( 2 4 
i n c h e s ) , a n d b e d p o r o s i t y ( 4 0 p e r c e n t ) w e r e m a i n t a i n e d a t c o n s t a n t l e v ­
e l s ^ t h e o b s e r v e d d i f f e r e n c e s a r e a t t r i b u t e d t o t h e c h e m i c a l c o m p o s i t i o n 
o f t h e a q u e o u s s o l u t i o n s . T h e d a t a o f F i g u r e s 13 t h r o u g h 1 5 c o m p a r e t h e 
e f f e c t s o f e a c h a q u e o u s s y s t e m o n t h e f i l t r a t i o n p r o c e s s a t a c o n s t a n t 
pH w h i l e t h e d a t a p r e s e n t e d i n F i g u r e s l 6 t h r o u g h 19 c o m p a r e t h e e f f e c t 
o f pH o n e a c h c h e m i c a l s y s t e m . A t c o n s t a n t pH p h o s p h a t e i o n s p r o d u c e d 
t h e g r e a t e s t b e d p e n e t r a t i o n a n d l e a s t h e a d l o s s , g e n e r a l l y f o l l o w e d b y 
t h e s u l f a t e a n d t h e n t h e c h l o r i d e s y s t e m s . W i t h e a c h a q u e o u s s y s t e m t h e 
p o o r e s t f i l t r a t i o n o c c u r r e d a t a pH l e v e l o f 9 
C o m p a r i s o n o f t h e f i l t r a t i o n c h a r a c t e r i s t i c s d e p i c t e d i n F i g u r e s 13, 
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Ik, a n d 1 5 w i t h t h e f l o e m o b i l i t i e s shown i n T a b l e s 2 , 3 , a n d k i n d i c a t e s 
t h a t t h e r e i s a t r e n d t o w a r d s m o r e d i f f i c u l t f i l t r a t i o n a s t h e e l e c t r o ­
p h o r e t i c m o b i l i t y o f t h e a p p l i e d f l o e p a r t i c l e s b e c o m e s i n c r e a s i n g l y n e g ­
a t i v e . T h i s t r e n d i s s u m m a r i z e d q u a l i t a t i v e l y i n T a b l e 6 , w h i c h c o m p a r e s 
t h e r e l a t i v e e a s e o f p a r t i c l e r e m o v a l i n t h e s e a q u e o u s s y s t e m s a s i n d i c a t e d 
b y b e d p e n e t r a t i o n , h e a d l o s s , a n d e l e c t r o p h o r e t i c m o b i l i t y o f t h e a p p l i e d 
f l o e p a r t i c l e s . T h e d a t a p r e s e n t e d i n T a b l e 7 c o m p a r e s t h e e a s e o f r e m o v a l 
f o r e a c h a q u e o u s s y s t e m a t v a r i o u s pH v a l u e s . 
T h e s e q u a l i t a t i v e c o m p a r i s o n s a r e f a i r , b u t a t t e m p t s t o q u a n t i t a ­
t i v e l y c o r r e l a t e t h e e l e c t r o p h o r e t i c m o b i l i t y ( o r z e t a p o t e n t i a l ) o f t h e 
s u s p e n d e d f l o e p a r t i c l e s w i t h h e a d l o s s a n d b e d p e n e t r a t i o n h a v e b e e n u n ­
s u c c e s s f u l . I t w a s o r i g i n a l l y p r o p o s e d t h a t e l e c t r o k i n e t i c e f f e c t s i n 
f i l t r a t i o n w o u l d b e d u e t o i n t e r a c t i o n s b e t w e e n t h e s u s p e n d e d f l o e p a r t i ­
c l e s t h e m s e l v e s . A n a l y s i s o f t h e d a t a o b t a i n e d i n t h i s r e s e a r c h l e a d s 
t o t h e c o n c l u s i o n t h a t c h e m i c a l e f f e c t s a r e q u i t e s i g n i f i c a n t b u t a r e 
m o r e e a s i l y i n t e r p r e t e d a s a n i n t e r a c t i o n b e t w e e n t h e s u r f a c e s o f t h e f i l ­
t e r m e d i u m a n d o f t h e s u s p e n d e d f l o e p a r t i c l e s . S a n d e x h i b i t s a n e g a t i v e 
s u r f a c e c h a r g e w h e n p l a c e d i n c o n t a c t w i t h w a t e r a n d w o u l d , t h e r e f o r e , 
t e n d t o r e p e l t h o s e p a r t i c l e s w h i c h e x h i b i t a n e g a t i v e e l e c t r o p h o r e t i c 
m o b i l i t y w h i l e a d s o r b i n g t h o s e m a t e r i a l s w h i c h h a v e a p o s i t i v e s u r f a c e 
c h a r g e . P a r t i c l e s c l o s e t o t h e i s o e l e c t r i c p o i n t w o u l d a l s o a d h e r e t o 
t h e s a n d s u r f a c e i f t h e f o r c e s o f a t t r a c t i o n a r e g r e a t e r t h a n t h e r e p u l ­
s i v e f o r c e s . 
I n o r d e r t o a s c e r t a i n t h e e f f e c t s o f t h e d i f f e r e n t i o n s o n t h e 
s u r f a c e p r o p e r t i e s o f t h e s a n d , f l o a t e d s i l i c a ( a b o u t 2kO m e s h ) w a s o b ­
t a i n e d f o r s t u d y . I t w a s f e l t t h a t t h i s f i n e s a n d w o u l d d e f i n e t h e r e l -
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T a b l e 6 . R e l a t i v e E a s e o f P a r t i c l e R e m o v a l 
w i t h V a r i o u s C h e m i c a l S y s t e m s 
pH. I n d i c a t o r R e l a t i v e E a s e o f R e m o v a l 
5.0 b e d p e n e t r a t i o n 
h e a d l o s s 
e l e c t r o p h o r e t i c 
m o b i l i t y 
7.0 b e d p e n e t r a t i o n 
h e a d l o s s 
e l e c t r o p h o r e t i c 
m o b i l i t y 
9 • 5 b e d p e n e t r a t i o n -
h e a d l o s s 
e l e c t r o p h o r e t i c 
m o b i l i t y 
p h o s p h a t e < s u l f a t e « c h l o r i d e < d e m i n e r a l i z e d w a t e r 
p h o s p h a t e « s u l f a t e <X d e m i n e r a l i z e d w a t e r < c h l o r i d e 
p h o s p h a t e « s u l f a t e « d e m i n e r a l i z e d w a t e r = c h l o r i d e 
p h o s p h a t e « < s u l f a t e < c h l o r i d e < d e m i n e r a l i z e d w a t e r 
p h o s p h a t e « s u l f a t e « d e m i n e r a l i z e d w a t e r « c h l o r i d e 
p h o s p h a t e « s u l f a t e = d e m i n e r a l i z e d w a t e r = c h l o r i d e 
p h o s p h a t e < d e m i n e r a l i z e d w a t e r < c h l o r i d e < s u l f a t e 
p h o s p h a t e = d e m i n e r a l i z e d w a t e r « c h l o r i d e < s u l f a t e 
p h o s p h a t e < d e m i n e r a l i z e d w a t e r < s u l f a t e < c h l o r i d e 
T a b l e 7« R e l a t i v e E a s e o f P a r t i c l e R e m o v a l 
f o r E a c h A q u e o u s S y s t e m s a t V a r i o u s pH L e v e l s 
S y s t e m I n d i c a t o r R e l a t i v e E a s e o f R e m o v a l 
D e m i n e r a l i z e d b e d p e n e t r a t i o n pH 9- 5 « < pH 7.0 < pH 5.0 
W a t e r h e a d l o s s pH 9- 5 « < P H 7.0 < P H 5-0 
e l e c t r o p h o r e t i c pH 9. « pH 7.0 « pH 5.0 
m o b i l i t y 
C h l o r i d e b e d p e n e t r a t i o n pH 9« 5 « pH 7-0 < pH 5.0 
h e a d l o s s pH 9. « < pH 5-0 < pH 7.0 
e l e c t r o p h o r e t i c pH 9. 5 < pH 7.0 « pH 5-0 
m o b i l i t y 
S u l f a t e b e d p e n e t r a t i o n pH 9. 5 « pH 5.0 < pH 7-0 
h e a d l o s s pH 9- 5 « pH 5.0 « pH 7-0 
e l e c t r o p h o r e t i c pH 9- 5 « pH 7-0 « pH 5-0 
m o b i l i t y 
P h o s p h a t e b e d p e n e t r a t i o n pH 9. 5 < pH 7-0 « pH 5-0 
h e a d l o s s pH 9. 5 « pH 5.0 < pH 7.0 
e l e c t r o p h o r e t i c pH 9- 5 < pH 7-0 < pH 5-0 
m o b i l i t y 
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a t i v e e f f e c t s o f v a r i o u s a q u e o u s s y s t e m s o n t h e f i l t e r m e d i a . T h e f i l ­
t e r s a n d i t s e l f w a s t o o l a r g e t o d e t e r m i n e i t s e l e c t r o p h o r e t i c m o b i l i t y 
u s i n g a v a i l a b l e e q u i p m e n t . A m i x t u r e o f s i l i c a a n d d i s t i l l e d w a t e r w a s 
p r e p a r e d a t a c o n v e n i e n t c o n c e n t r a t i o n f o r m o b i l i t y m e a s u r e m e n t s . Mo­
b i l i t y v a l u e s w e r e d e t e r m i n e d , i n d i c a t i n g h i g h l y n e g a t i v e s u r f a c e c h a r g e s 
i n t h e d i s t i l l e d w a t e r . A c h e c k o f t h i s s u s p e n s i o n o n t h e f o l l o w i n g d a y 
g a v e a d i f f e r e n t v a l u e , l o w e r t h a n t h e f i r s t . I t s o o n b e c a m e e v i d e n t 
t h a t t i m e i s r e q u i r e d f o r e q u i l i b r i u m t o b e a t t a i n e d . 
A r e v i e w o f t h e l i t e r a t u r e r e v e a l e d e x t e n s i v e p r e v i o u s w o r k o n 
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s i l i c a s u r f a c e s i n a q u e o u s s y s t e m s . Wood o b s e r v e d t h a t some t i m e e l a p s ­
e d b e f o r e s i l i c a a s s u m e d a n e q u i l i b r i u m p o t e n t i a l i n w a t e r , w h i c h h e a t ­
t r i b u t e d t o e f f e c t s a m o u n t i n g t o a h y d r a t i o n o f t h e s u r f a c e . He a l s o 
n o t e d a g r a d u a l d e c r e a s e i n p o t e n t i a l w i t h t i m e . Wood u t i l i z e d t w o c e l l s 
f o r s t u d y . When t h e t w o c e l l s r e a c h e d i d e n t i c a l v a l u e s , t h i s w a s t a k e n 
a s t h e m o s t p r o b a b l e v a l u e f o r t h e e q u i l i b r i u m p o t e n t i a l . A p r o b a b l e 
v a l u e o f - 1 7 7 m i l l i v o l t s i s r e p o r t e d f o r t h e z e t a p o t e n t i a l o f v i t r e o u s 
s i l i c a i n p u r e w a t e r . T h i s v a l u e w a s d e t e r m i n e d b y a s t r e a m i n g p o t e n ­
t i a l m e t h o d . 
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J o n e s a n d Wood m e a s u r e d t h e z e t a p o t e n t i a l a t t h e i n t e r f a c e b e ­
t w e e n v i t r e o u s s i l i c a a n d s o l u t i o n s o f p o t a s s i u m c h l o r i d e b y t h e s t r e a m ­
i n g p o t e n t i a l m e t h o d . T h e i r r e s u l t s i n d i c a t e a d e c r e a s e t o w a r d z e r o 
p o t e n t i a l w i t h a n i n c r e a s e i n p o t a s s i u m c h l o r i d e c o n c e n t r a t i o n . M e a s u r e -
- 3 - 4 - 5 
m e n t s w i t h 1 0 , 1 0 , a n d 1 0 n o r m a l KC1 s o l u t i o n s g a v e z e t a p o t e n ­
t i a l s o f - 1 1 2 . 5 , - 1 3 3 • 6 , a n d - 1 ^ 2 m i l l i v o l t s , r e s p e c t i v e l y . 
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Wood a n d R o b i n s o n i n v e s t i g a t e d t h e e f f e c t s o f b a r i u m c h l o r i d e 
o n t h e z e t a p o t e n t i a l o f v i t r e o u s s i l i c a . T h e z e t a p o t e n t i a l w a s f o u n d 
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t o d e c r e a s e i n a r e g u l a r m a n n e r w i t h i n c r e a s i n g c o n c e n t r a t i o n . T h e b a r ­
i u m c h l o r i d e d e c r e a s e d t h e p o t e n t i a l m o r e t h a n t h e p o t a s s i u m c h l o r i d e a t 
t h e same c o n c e n t r a t i o n . 
Wood"*"^ f o u n d t h a t t h e a d d i t i o n o f a t r a c e o f t h o r i u m c h l o r i d e t o 
p o t a s s i u m c h l o r i d e s o l u t i o n s r e v e r s e d t h e z e t a p o t e n t i a l a t t h e s i l i c a 
i n t e r f a c e . V i t r e o u s s i l i c a , w h i c h w a s s t r o n g l y n e g a t i v e i n c c n t a c t w i t h 
t h e KC1 s o l u t i o n s w i t h o u t a d d e d t h r o i u m , , e x h i b i t e d p o s i t i v e v a l u e s o f 
s m a l l e r m a g n i t u d e . 
Wood a n d Robinson"^"*" i n v e s t i g a t e d t h e e f f e c t o f t h o r i u m c h l o r i d e 
a n d l a n t h a n u m c h l o r i d e o n t h e z e t a p o t e n t i a l o f v i t r e o u s s i l i c a . I n g e n ­
e r a l , t h o r i u m c h l o r i d e h a d a g r e a t e r e f f e c t t h a n l a n t h a n u m c h l o r i d e a t 
t h e same c o n c e n t r a t i o n . F i g u r e 28^"'" s u m m a r i z e s t h e w o r k o f Wood e t a l . 
w i t h v i t r e o u s s i l i c a i n c o n t a c t w i t h s o l u t i o n s o f p o t a s s i u m c h l o r i d e , 
b a r i u m c h l o r i d e , l a n t h a n u m c h l o r i d e , t h o r i u m c h l o r i d e , a n d d i s t i l l e d 
w a t e r . 
1 0 2 - 1 0 7 
E l t o n e t a l . v e r i f i e d t h e w o r k o f Wood u s i n g t h e s e d i m e n t a ­
t i o n m e t h o d a n d e x t e n d e d i t t o i n c l u d e t h e e f f e c t s o f d i f f e r e n t a n i o n s . 
D i l u t e a q u e o u s s o l u t i o n s o f s u l f u r i c a c i d , p o t a s s i u m s u l f a t e , p o t a s s i u m 
f e r r o c y a n i d e , a n d p o t a s s i u m f e r r i c y a n i d e w e r e u s e d . T h e i r r e s u l t s i n d i ­
c a t e t h a t t h e v a l e n c e o f t h e a n i o n h a s l i t t l e e f f e c t o n t h e m a g n i t u d e o f 
t h e c h a r g e a n d p o t e n t i a l f o r a n e g a t i v e l y c h a r g e d s u r f a c e , t h e i m p o r t a n t 
f a c t o r b e i n g t h e v a l e n c e o f t h e c a t i o n . 
T a b l e 5 i s a summary o f t h e e q u i l i b r i u m e l e c t r o p h o r e t i c m o b i l i t i e s 
e x h i b i t e d b y s a n d p a r t i c l e s p l a c e d i n t h e a q u e o u s s y s t e m s u s e d i n R u n s 3 
t h r o u g h 6. I n g e n e r a l , t h e r e i s l i t t l e d i f f e r e n c e b e t w e e n t h e v a l u e s o f 
t h e m o b i l i t y f o r R u n s h t h r o u g h 6. D u r i n g Run 3 w i d e r d i f f e r e n c e s i n 
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F i g u r e 29. The E f f e c t s o f pH on t h e E l e c t r o p h o r e t i c M o b i l i t y o f 
S i l i c a a n d F e r r i c O x i d e ( A f t e r H a z e l (108) a n d H a z e l 
a n d A y r e s (109)). 
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s a n d m o b i l i t y a r e n o t e d . The MgCl^ r e d u c e d t h e m o b i l i t y o f t h e s a n d m o r e 
t h a n a n y o f t h e o t h e r c h e m i c a l s y s t e m s . T h i s a g r e e s w i t h t h e w o r k o f 
102-107 
E l t o n e t a l . } s i n c e t h e d i v a l e n t c a t i o n p r o d u c e d a g r e a t e r e f f e c t 
t h a n t h e m o n o v a l e n t c a t i o n s i n t h e o t h e r s y s t e m s . T h i s a l s o c o n f i r m s 
t h a t t h e c a t i o n i s m o r e i m p o r t a n t t h a n t h e a n i o n i n d e t e r m i n i n g t h e z e t a 
p o t e n t i a l o f t h e s a n d . 
The e f f e c t s o f pH o n t h e e l e c t r o p h o r e t i c m o b i l i t y o f t h e s i l i c a 
s a n d a r e p r e s e n t e d i n F i g u r e 27. C o n s i d e r a b l e d i f f i c u l t y w a s e n c o u n t e r e d 
i n o b t a i n i n g e q u i l i b r i u m v a l u e s o f t h e m o b i l i t y o f t h e s a n d . T h e s t u d i e s 
s u m m a r i z e d i n T a b l e 5 a n d F i g u r e 27 w e r e o b t a i n e d b y f i r s t p l a c i n g t h e 
s a n d i n d i s t i l l e d w a t e r a n d l e t t i n g i t h y d r a t e f o r t w o w e e k s . S a m p l e s o f 
t h e s a n d w e r e t h e n p l a c e d i n t h e a q u e o u s s y s t e m s t o b e s t u d i e d a n d a l l o w e d 
t o s t a n d f o r a t h i r d w e e k . N u m e r o u s t r i a l s w e r e made b e f o r e e q u i l i b r i u m 
v a l u e s c o u l d b e o b t a i n e d b u t t h e p r o c e d u r e o u t l i n e d y i e l d e d g o o d r e s u l t s . 
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F i g u r e 27 c o m p a r e s v e r y f a v o r a b l y w i t h t h e w o r k o f H a z e l f o r s i l i c a 
a s shown i n F i g u r e 29. S u p e r i m p o s e d o n F i g u r e 29 i s t h e e f f e c t o f pH o n 
109 
t h e m o b i l i t y o f f e r r i c o x i d e a s d e t e r m i n e d b y H a z e l a n d A y r e s f o r com­
p a r i s o n w i t h t h e c u r v e o b t a i n e d f o r s i l i c a . 
The k n o w l e d g e g a i n e d a b o u t t h e s i l i c a s u r f a c e s i n t h e l a b o r a t o r y 
a n d i n t h e l i t e r a t u r e p r o v i d e d a b e t t e r b a c k g r o u n d u p o n w h i c h t o p o s t u l a t e 
t h e r e m o v a l m e c h a n i s m f o r t h e a q u e o u s f l o e s u s p e n s i o n s s t u d i e d . I n a l l 
a q u e o u s s y s t e m s s t u d i e d t h e p o o r e s t f i l t r a t i o n a s c h a r a c t e r i z e d b y l o w 
h e a d l o s s i n c r e a s e a n d r a p i d b e d p e n e t r a t i o n o c c u r r e d a t a pH o f 9'5. 
T h e s e e f f e c t s may b e e x p l a i n e d b y t h e f a c t t h a t b o t h f l o e a n d s a n d s u r ­
f a c e s e x h i b i t e d n e g a t i v e m o b i l i t i e s a n d c o n s e q u e n t l y n e g a t i v e z e t a p o t e n ­
t i a l s . An a d d i t i a n a l a s p e c t t o b e c o n s i d e r e d i s t h e f a c t t h a t t h e i o n i c 
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s t r e n g t h o f t h e a q u e o u s s y s t e m s a t pH 9*5 w a s c o n s i d e r a b l y h i g h e r t h a n 
a t o t h e r pH l e v e l s , d u e t o t h e b i c a r b o n a t e - c a r b o n a t e b u f f e r s y s t e m em­
p l o y e d . T h i s h i g h i o n i c s t r e n g t h w o u l d p r o d u c e a r e d u c e d d o u b l e l a y e r 
t h i c k n e s s a n d a n i n c r e a s e d c h a r g e d e n s i t y f o r t h e m a t e r i a l s u n d e r i n v e s t i ­
g a t i o n . 
T h e p h o s p h a t e i o n s p r o d u c e d t h e g r e a t e s t e f f e c t o n f i l t r a t i o n o f 
t h e s y s t e m s s t u d i e d . T h e e l e c t r o p h o r e t i c m o b i l i t y o f t h e s e f l o e p a r t i ­
c l e s w e r e m o r e n e g a t i v e a t e a c h pH t h a n w e r e t h o s e f o r t h e o t h e r s y s t e m s . 
T h e e f f e c t s o b s e r v e d d u e t o t h e p h o s p h a t e i o n s c a n n o t b e e x p l a i n e d s o l e l y 
o n t h e b a s i s o f t h e v a l e n c e o f t h e a n i o n i n v o l v e d . C a l c u l a t i o n s b a s e d 
o n t h e a p p r o p r i a t e i o n i z a t i o n c o n s t a n t s show t h a t a pH 5-0 e s s e n t i a l l y 
a l l o f t h e d i s s o l v e d p h o s p h a t e w a s p r e s e n t a s m o n o v a l e n t H^PO^ i o n s , 
- 2 
a t pH 9'5 i t w a s e s s e n t i a l l y a l l d i v a l e n t HPO^ i o n s , a n d a t pH 7*0 i t 
-2 
w a s d i v i d e d i n t o a p p r o x i m a t e l y 38 p e r c e n t d i v a l e n t (HPO^ ) a n d 62 p e r 
c e n t m o n o v a l e n t (H^PO^ i o n s . E x p e r i m e n t s p e r f o r m e d w i t h d i v a l e n t s u l ­
f a t e i o n s a t e a c h o f t h e s e pH l e v e l s p r o d u c e d b e t t e r f l o e r e m o v a l t h a n 
w i t h t h e p h o s p h a t e s y s t e m s . T h i s i s n o t w h a t w o u l d b e e x p e c t e d c o n s i d e r ­
i n g v a l e n c e o n l y . 
A d d i t i o n a l i n s i g h t i n t o t h e e f f e c t s o f p h o s p h a t e i o n s o n t h e f i l ­
t r a t i o n p r o c e s s c a n b e o b t a i n e d f r o m a n i n s p e c t i o n o f t h e d a t a p r e s e n t e d 
i n F i g u r e s 12, 20, a n d 21. D u r i n g Run 3 t h e p h o s p h a t e pump o p e r a t e d f o r 
o n l y a o n e h o u r p e r i o d w i t h a v e r y s i g n i f i c a n t d e c r e a s e i n r a t e o f h e a d 
l o s s i n c r e a s e f o r t h i s h o u r . U n f o r t u n a t e l y n o p e n e t r a t i o n d a t a w e r e t a k ­
e n d u r i n g t h i s p e r i o d b u t m o s t p r o b a b l y t h e p e n e t r a t i o n i n c r e a s e d s i g n i f i ­
c a n t l y d u r i n g t h i s t i m e . T h e e l e c t r o p h o r e t i c m o b i l i t y o f t h e f l o e a n d 
s a n d w e r e h i g h l y n e g a t i v e d u r i n g t h i s o n e h o u r p e r i o d d u r i n g w h i c h 50 m g / l 
1 0 0 
o f Na^PO^ w e r e a p p l i e d w i t h a r e s u l t i n g pH o f 1 0 . 2 . The m o b i l i t y o f t h e 
f l o e i n c r e a s e d s i g n i f i c a n t l y ( f r o m - I . 3 6 t o - 1.99 ^/sec/volt/cm) d u r i n g 
t h i s p e r i o d . 
D u r i n g Run k, t h e p h o s p h a t e pump w a s s h u t o f f a f t e r 7*25 h o u r s o f 
o p e r a t i o n . T h e p h o s p h a t e c o n c e n t r a t i o n w a s t h e r e f o r e r e d u c e d t o a l m o s t 
z e r o w i t h o n l y t h a t o r i g i n a t i n g f r o m t h e s t o c k f l o e s u s p e n s i o n b e i n g p r e ­
s e n t . A l m o s t i m m e d i a t e l y s i g n i f i c a n t c h a n g e s o c c u r r e d i n b o t h t h e h e a d 
l o s s a n d b e d p e n e t r a t i o n a s shown i n F i g u r e 2 0 . T h e r a t e o f c h a n g e o f 
h e a d l o s s w i t h t i m e i n c r e a s e d s h a r p l y , a n d a p p r o x i m a t e d t h e r a t e o b s e r v e d 
f o r a d e m i n e r a l i z e d w a t e r s y s t e m a t t h i s p H . B e d p e n e t r a t i o n w a s h a l t e d 
a l m o s t c o m p l e t e l y f o r a b o u t 2 . 5 h o u r s , a f t e r w h i c h i t i n c r e a s e d a t a r a t e 
s o m e w h a t s i m i l a r t o t h a t o b s e r v e d f o r a d e m i n e r a l i z e d w a t e r s y s t e m . 
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O ' M e l i a h a s shown t h a t a n i n c r e a s e i n p h o s p h a t e i o n c o n c e n t r a t i o n i n ­
c r e a s e s t h e p e n e t r a t i o n o f i r o n i n t o t h e b e d w h i c h c o n f i r m s t h e r e s u l t s 
o f t h i s e x p e r i m e n t . 
I t i s p o s t u l a t e d t h a t t h e f l o e r e m o v e d d u r i n g t h e f i r s t 7 - 2 5 h o u r s 
o f t h i s r u n c o a t e d t h e s a n d g r a i n s a n d p r o d u c e d a n e g a t i v e l y c h a r g e d i n ­
t e r f a c e w i t h t h e a q u e o u s p h a s e . When t h e d i s s o l v e d p h o s p h a t e w a s r e m o v e d 
f r o m s o l u t i o n , t h e s u r f a c e s o f b o t h t h e s u s p e n d e d f l o e p a r t i c l e s a n d t h o s e 
w h i c h h a d p r e v i o u s l y b e e n r e t a i n e d i n t h e b e d w e r e a l t e r e d , a n d t h e i r s u r ­
f a c e c h a r g e d e c r e a s e d t o w a r d s t h e i s o e l e c t r i c p o i n t . U n f o r t u a n t e l y t h e 
m o b i l i t y s a m p l e s t a k e n d u r i n g t h i s p e r i o d o f t h e r u n w e r e b a d l y c o n t a m i -
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n a t e d b y a c i d a d s o r b e d o n t o t h e s a m p l e b o t t l e s . L a t e r O ' M e l i a i n v e s t i ­
g a t e d t h e e f f e c t s o f p l a c i n g f l o e p r e p a r e d i n a p h o s p h a t e e n v i r o n m e n t i n ­
t o d e m i n e r a l i z e d w a t e r a t pH 5 . C . T h e m o b i l i t y o f t h e f l o e d e c r e a s e d f r o m 
a n e g a t i v e v a l u e t o a v a l u e c l o s e t o t h e i s o e l e c t r i c p o i n t . T h i s c h a n g e . 
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i n s u r f a c e c h a r a c t e r i s t i c s o f b o t h t h e a p p l i e d p a r t i c l e s a n d t h e u p p e r 
s t r a t a o f t h e f i l t e r med ium e n a b l e d i r o n f l o e t o b e a p p l i e d t o t h e f i l ­
t e r f o r a n a d d i t i o n a l 2 . 5 h o u r s - w i t h o u t f u r t h e r p e n e t r a t i o n i n t o t h e b e d . 
A f t e r t h i s t i m e t h e a p p l i e d m a t e r i a l s r e s u m e d t h e i r p e n e t r a t i o n i n t o t h e 
b e d a t a r e d u c e d r a t e . I t i s f e l t t h a t t h i s o b s e r v a t i o n i s s t r o n g s u p ­
p o r t f o r t h e c o n c e p t t h a t t h e r e m o v a l o f f l o e p a r t i c l e s i n a c o n v e n t i o n a l 
s a n d f i l t e r i s a c c o m p l i s h e d b y a d s o r p t i o n t o t h e f i l t e r m e d i u m a n d t h a t 
t h i s a d s o r p t i o n i s m a t e r i a l l y a f f e c t e d b y t h e c h e m i c a l c o m p o s i t i o n o f t h e 
a q u e o u s p h a s e . 
T h e d a t a o f F i g u r e 2 1 g i v e s s u p p o r t t o t h e a d s o r p t i o n t h e o r y . 
T h e s e d a t a r e p r e s e n t t h e h e a d l o s s f o r s e v e r a l d e p t h i n t e r v a l s a t d i f f e r ­
e n t t i m e s . U n t i l 7->25 h o u r s t h e r e m o v a l a s c h a r a c t e r i z e d b y t h e d i s t r i ­
b u t i o n o f h e a d l o s s t h r o u g h t h e f i l t e r b e d w a s f a i r l y e v e n l y d i s t r i b u t e d . 
A f t e r r e m o v a l o f t h e p h o s p h a t e pump f r o m s e r v i c e , t h e f l o e w e r e r e m o v e d 
p r i m a r i l y i n t h e u p p e r s t r a t a o f t h e b e d a s shown b y t h e v e r y h i g h d i s ­
t r i b u t i o n o f h e a d l o s s f o r t h i s r e g i o n . B e d p e n e t r a t i o n a n d h e a d l o s s 
p e r i n c h f o r a f i l t e r w i t h a l l t h e r e m o v a l n e a r t h e s u r f a c e i s s h o w n i n 
F i g u r e 2 2 . The d i s t r i b u t i o n o f h e a d l o s s i n F i g u r e 2 1 a f t e r 7 " 2 5 h o u r s 
r e s e m b l e s t h e d i s t r i b u t i o n shown i n t h i s f i g u r e . 
B e d p e n e t r a t i o n a n d h e a d l o s s p e r i n c h f o r a f i l t e r w i t h r e m o v a l 
d i s t r i b u t e d t h r o u g h o u t t h e f i l t e r b e d i s shown i n F i g u r e 2 3 . A g a i n t h e 
c o m p a r i s o n i s made b e t w e e n F i g u r e 2 1 a n d t h i s f i g u r e . U n t i l 7 » 2 5 h o u r s 
o f f i l t r a t i o n t h e c o m p a r i s o n i s g o o d . 
R e v i e w o f F i g u r e s 2 2 a n d 2 3 s h o u l d i l l u s t r a t e t h e d a n g e r o f a d ­
v o c a t i n g s h a l l o w f i l t e r d e p t h s f o r f i l t e r s u n l e s s m o r e i s known a b o u t 
t h e e f f e c t s t h a t t h e i o n s i n s o l u t i o n i n t h e w a t e r i n q u e s t i o n h a v e o n 
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t h e f i l t r a t i o n p r o c e s s . Many e n g i n e e r s b e l i e v e t h a t t h e 2k i n c h e s o f 
s a n d u s e d i n m o s t f i l t e r s p r o v i d e s a g r e a t s a f e t y f a c t o r . I f t h e f i l t r a ­
t i o n s y s t e m p e r f o r m s a s t h e o n e shown i n F i g u r e 22 t h i s may b e t r u e . I f 
i t p e r f o r m s a s t h e o n e shown i n F i g u r e 23 t h e r e i s n o s a f e t y f a c t o r i f 
o p e r a t i o n i s b a s e d o n t e r m i n a t i n g t h e r u n a f t e r a l l t h e a v a i l a b l e h e a d 
l o s s i s u t i l i z e d . 
T h e b e d p e n e t r a t i o n a n d h e a d l o s s p e r i n c h f o r a f i l t e r w i t h m o r e 
h e a d l o s s a t i n t e r v a l s w i t h i n t h e f i l t e r b e d t h a n a t t h e s u r f a c e i s shown 
i n F i g u r e 2k. S e v e r a l e x p l a n a t i o n s c a n b e o f f e r e d . One i s t h a t t h e t o p 
b e d i n t e r v a l w a s n o t a c t u a l l y a n i n c h d u e t o i m p r o p e r p r e p a r a t i o n o f t h e 
s a n d b e d . T h e w r i t e r b e l i e v e s t h a t t h i s i s n o t t h e c a s e s i n c e a s i g n i f i ­
c a n t d i f f e r e n c e f r o m t h e o t h e r f i l t e r s w o u l d h a v e b e e n n o t e d d u r i n g t h e 
h o u r l y b e d p e n e t r a t i o n m e a s u r e m e n t s . A s e c o n d e x p l a n a t i o n i s t h a t a 
c h a n n e l w a s o p e n e d f r o m t h e s u r f a c e t o t h e o n e i n c h m a n o m e t e r p o i n t . 
T h i s i s p o s s i b l e . A n o t h e r p o s s i b l e e x p l a n a t i o n w o u l d b e c o a g u l a t i o n 
w i t h i n t h e f i l t e r b e d . T h e z e t a p o t e n t i a l o f t h e f l o e f o r t h i s r u n h a d 
a m o b i l i t y o f -I.72 jj , / s e c / v o l t / c m w h i c h m a k e s t h i s u n l i k e l y . H o w e v e r , 
t h e h i g h i o n i c c o n c e n t r a t i o n p r e s e n t i n Run 5 w o u l d r e s u l t i n a v e r y 
t h i n d i f f u s e l a y e r w h i c h c o u l d a l l o w c l o s e c o n t a c t o f t h e f l o e b e f o r e 
s i g n i f i c a n t r e p u l s i o n r e s u l t e d . I f t h e v a n d e r W a a l s f o r c e s o f a t t r a c ­
t i o n w e r e g r e a t e r t h a n t h e r e p u l s i v e f o r c e s c o a g u l a t i o n c o u l d o c c u r . 
F i g u r e 2 5 r e p r e s e n t s t h e r e l a t i o n s h i p o b s e r v e d b e t w e e n h e a d l o s s 
a n d b e d d e p t h a t v a r i o u s t i m e s f o r F i l t e r 3 d u r i n g Run k. I t c a n b e 
n o t e d t h a t a t z e r o t i m e t h e h e a d l o s s v a r i e s d i r e c t l y w i t h t h e b e d d e p t h 
i n a l i n e a r m a n n e r , a r e l a t i o n s h i p w h i c h h a s b e e n o b s e r v e d b y s e v e r a l 
i n v e s t i g a t o r s i n t h e p a s t . S u p e r i m p o s e d u p o n t h i s c u r v e i s t h e b e d p e n e -
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t r a t i o n c u r v e f o r t h i s f i l t e r . I n g e n e r a l t h e h e a d l o s s a t e a c h d e p t h 
v a r i e s l i n e a r l y u n t i l t h e i r o n h a s p e n e t r a t e d t o t h a t d e p t h a t w h i c h 
t i m e t h i s l i n e a r r e l a t i o n d i s a p p e a r s . 
F i g u r e 26 d e p i c t s t h e o b s e r v e d h e a d l o s s v e r s u s f i l t r a t i o n t i m e 
f o r s e v e r a l b e d d e p t h s . T h i s f i g u r e p r e s e n t s t h e d a t a g i v e n i n F i g u r e 25 
d i f f e r e n t l y . O ' M e l i a o b s e r v e d a l i n e a r d i s t r i b u t i o n o f h e a d l o s s r e ­
g a r d l e s s o f t h e d e p t h o f b e d c o n s i d e r e d i n t h e f i l t r a t i o n o f a l g a l s u s ­
p e n s i o n s . T h e r e l a t i o n s h i p i s l i n e a r f o r o n l y a s h o r t t i m e i n F i g u r e 26 
a t w h i c h t i m e t h e h e a d l o s s a t a l l d e p t h s c o n s i d e r e d i n c r e a s e s a t a n 
e x p o n e n t i a l r a t e . 
T h e c u r v e s a r e g e n e r a l l y p a r a l l e l e x c e p t f o r t h e i n t e r v a l s n e a r 
t h e s u r f a c e . T h e r a t e o f c l o g g i n g i s w o r s t n e a r t h e s u r f a c e w h i c h e x ­
p l a i n s a d e v i a t i o n f r o m t h e n e a r p a r a l l e l r e l a t i o n s h i p o b s e r v e d b e t w e e n 
o t h e r d e p t h s . 
T h e e x p e r i m e n t a l r e s u l t s g i v e s t r o n g e v i d e n c e o f a n i n t e r a c t i o n 
b e t w e e n t w o o x i d e s ( S i 0 2 a n d F ^ O ^ ) w i t h d i f f e r e n t d e g r e e s o f h y d r a t i o n 
a n d d i f f e r e n t i o n s i n c o r p o r a t e d i n t o t h e i r e l e c t r i c a l d o u b l e l a y e r s . 
Some g e n e r a l i n f o r m a t i o n o n t h e e f f e c t s o f i o n s o n s i l i c a s u r f a c e s h a s 
a l r e a d y b e e n p r e s e n t e d . I t i s b e l i e v e d t h a t a r e v i e w o f t h e e f f e c t s o f 
i o n s o n t h e f e r r i c s y s t e m w o u l d a l s o b e h e l p f u l . 
109 
H a z e l a n d A y r e s y s t u d i e d t h e e f f e c t s o f d i f f e r e n t a q u e o u s s y s ­
t e m s o n p o s i t i v e f e r r i c o x i d e s o l s . T h e i r r e s u l t s i n d i c a t e t h a t t h e v a ­
l e n c e o f t h e a n i o n g e n e r a l l y d e t e r m i n e s t h e r e l a t i v e e f f e c t s o f t h e i o n s . 
109 
T h e i r r e s u l t s a r e s u m m a r i z e d i n F i g u r e 30 . I t w a s f o u n d t h a t b y t h e 
a d d i t i o n o f p o t a s s i u m f e r r o c y a n i d e t h e c h a r g e o f t h e f e r r i c o x i d e s o l s 
1.10 
c o u l d b e m a d e n e g a t i v e . I n a l a t e r s t u d y t h e y i n v e s t i g a t e d t h e e f f e c t s 
10k 
0 .02 .04 .06 .08 .10 
MILLIMOLS OF ELECTROLYTE PER LITER 
F i g u r e 30' S u r f a c e C h a r a c t e r i s t i c s o f 
F e r r i c O x i d e S o l s ( A f t e r 











0 25 50 75 100 
PER CENT F e 2 0 3 
F i g u r e 31. M o b i l i t i e s o f S i l i c a F e r r i c O x i d e 
M i x t u r e s ( A f t e r H a z e l (108)). 
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o f d i f f e r e n t a q u e o u s s o l u t i o n s o n n e g a t i v e s o l s p r e p a r e d b y a d d i t i o n o f 
f e r r o c y a n i d e . P o t a s s i u m c h l o r i d e , b a r i u m c h l o r i d e , a l u m i n u m c h l o r i d e , 
a n d t h o r i u m n i t r a t e w e r e s t u d i e d . The g r e a t e r t h e v a l e n c e o f t h e c a t i o n , 
t h e g r e a t e r t h e e f f e c t a t t h e same c o n c e n t r a t i o n . A l u m i n u m c h l o r i d e a n d 
t h o r i u m n i t r a t e i n h i g h e r c o n c e n t r a t i o n s m a d e t h e s o l s p o s i t i v e w i t h t h e 
t h o r i u m h a v i n g t h e g r e a t e r e f f e c t . I n g e n e r a l t h e a n i o n h a s a g r e a t e r 
e f f e c t o n p o s i t i v e s o l s w h i l e t h e c a t i o n h a s t h e g r e a t e r e f f e c t o n n e g a ­
t i v e s o l s . 
32 
I n some p r e l i m i n a r y r u n s made b y S t a n l e y t o d e t e r m i n e a s u i t a b l e 
m a t e r i a l f o r f i l t r a t i o n s t u d i e s , j e w e l e r ' s r o u g e ( F e ^ O ^ ) w a s e m p l o y e d . 
He r e p o r t e d 100 p e r c e n t r e m o v a l o f t h e r o u g e b y t h e s a n d f i l t e r b u t a l s o 
r e p o r t e d t h a t n o a m o u n t o f b a c k w a s h i n g w o u l d r e m o v e i t . An i n v e s t i g a t i o n 
o f F i g u r e 29 r e v e a l s t h a t f e r r i c o x i d e w o u l d b e s t r o n g l y a t t r a c t e d b y t h e 
s i l i c a a t pH l e v e l s b e l o w a b o u t 8.6 s i n c e t h e f e r r i c o x i d e i s p o s i t i v e 
a n d t h e s i l i c a n e g a t i v e . The pH l e v e l a t w h i c h t h e s t u d y w a s m a d e w a s 
n o t s t a t e d b u t w a s p r o b a b l y 7*0 o r l e s s s i n c e S t a n l e y u s e d d e m i n e r a l i z e d 
w a t e r i n h i s f i l t r a t i o n s t u d i e s . 
E l e c t r o k i n e t i c f o r c e s a r e t h e m o s t i m p o r t a n t p a r t i c l e c o l l e c t i o n 
m e c h a n i s m i n s a n d f i l t r a t i o n i n t h e o p i n i o n o f t h e w r i t e r . T h e i n t e r a c ­
t i o n b e t w e e n t h e e l e c t r o k i n e t i c f o r c e s o f t h e s a n d a n d t h e s u s p e n d e d p a r ­
t i c l e s d e t e r m i n e t h e f i l t r a b i l i t y o f a q u e o u s f l o e s u s p e n s i o n s . S i n c e t h e 
c h e m i c a l c o m p o s i t i o n o f t h e a q u e o u s p h a s e a f f e c t s t h e e l e c t r o k i n e t i c p r o ­
p e r t i e s o f b o t h t h e s a n d a n d t h e s u s p e n d e d p a r t i c l e s a n d s i n c e t h e r e i s 
a n i n t e r a c t i o n b e t w e e n s u s p e n d e d m a t t e r a n d t h e s a n d s u r f a c e , t h e e n t i r e 
s y s t e m m u s t b e c o n s i d e r e d a s a w h o l e . F o r f l o c c u l a n t m a t e r i a l s s u c h a s 
t h e h y d r a t e d o x i d e s o f i r o n a n d a l u m i n u m , t h e s u r f a c e c h a r g e o f t h e s a n d 
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i s c h a n g e d b y t h e p r e s e n c e o f t h e s e m a t e r i a l s . I f s a l t s a r e a d d e d , c h a n g e s 
a r e b r o u g h t a b o u t i n b o t h t h e f l o e a n d s a n d s u r f a c e s w h i c h c a n s i g n i f i ­
c a n t l y a l t e r t h e e f f e c t s t h a t t h e f l o e a n d s a n d h a v e o n e a c h o t h e r . S i n c e 
i n t e r a c t i o n s o f t h e s e e l e c t r o k i n e t i c f o r c e s a r e m a s k e d b y a b u i l d u p o f 
h e a d l o s s i n t h e f i l t e r , w i t h p o s s i b l e s h e a r a n d f u r t h e r p e n e t r a t i o n i n t o 
t h e f i l t e r b e d , t h e w r i t e r p r o p o s e s t h a t p r e d i c t i o n o f f i l t e r p e r f o r m a n c e 
c o u l d b e t t e r b e made b y e l e c t r o p h o r e t i c s t u d i e s s i m i l a r t o t h o s e c o n d u c t e d 
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b y H a z e l i n h i s s t u d y o f t h e m u t u a l c o a g u l a t i o n o f s i l i c a a n d f e r r i c 
o x i d e s . I f t h e e f f e c t s o f a d d e d i o n s w e r e d e t e r m i n e d f o r a f e r r i c o x i d e 
s y s t e m a n d t h e n f o r a s i l i c a s y s t e m , t h e t w o s y s t e m s c o u l d b e c o m b i n e d 
a n d t h e n e t e f f e c t s s t u d i e d . 
108 
H a z e l s t u d i e d a s y s t e m o f m i x e d c o l l o i d a l s i l i c a a n d f e r r i c o x ­
i d e . He f o u n d t h a t m o r e t h a n 70 p e r c e n t f e r r i c o x i d e w a s r e q u i r e d t o 
p r o d u c e a n i s o e l e c t r i c m i x t u r e . O v e r 60 p e r c e n t f e r r i c o x i d e w a s r e ­
q u i r e d b e f o r e a n a p p r e c i a b l e d r o p i n m o b i l i t y o f t h e s i l i c a w a s n o t e d . 
T h i s i n d i c a t e s a g r e a t c a p a c i t y f o r a d s o r p t i o n o f f l o e p a r t i c l e s . H a z e l 
a l s o s t u d i e d t h e m u t u a l c o a g u l a t i o n o f a l u m i n u m o x i d e a n d s i l i c a . He 
f o u n d a l u m i n u m o x i d e t o b e much m o r e e f f e c t i v e i n d i s c h a r g i n g s i l i c a t h a n 
f e ' r r i c o x i d e , r e q u i r i n g o n l y 17 p e r c e n t f o r a n i s o e l e c t r i c m i x t u r e . 
T h e s e s t u d i e s w e r e c o n d u c t e d a t a pH o f 5.1 u t i l i z i n g w e l l d i a l y z e d s o l u -
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t i o n s . F i g u r e 3-1 s u m m a r i z e s H a z e l ' s r e s u l t s f o r f e r r i c o x i d e - s i l i c a 
m i x t u r e s . 
108 
H a z e l a l s o s t u d i e d t h e e f f e c t s o f s o d i u m c h l o r i d e , p o t a s s i u m 
c h l o r i d e , c a l c i u m c h l o r i d e , b a r i u m c h l o r i d e , a n d a l u m i n u m c h l o r i d e o n t h e 
m o b i l i t y o f c o l l o i d a l s i l i c a . I n g e n e r a l , c a t i o n s o f t h e s ame v a l e n c e 
p r o d u c e d s i m i l a r r e s u l t s w i t h t h e h i g h e r t h e v a l e n c e t h e g r e a t e r t h e e f f e c t . 
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I n c r e a s i n g c o n c e n t r a t i o n s o f a l l s a l t s d e c r e a s e d t h e m a g n i t u d e o f t h e 
m o b i l i t y ( f r o m n e g a t i v e t o w a r d z e r o ) . T h e s e r e s u l t s s u p p o r t t h e f i n d i n g s 
o f o t h e r s a l r e a d y p r e s e n t e d . 
O ' C o n n o r a n d Buchanan"'""'""'" i n d i c a t e t h a t t h e e f f e c t s o f e l e c t r o l y t e s 
o n t h e s u r f a c e s o f i n s o l u b l e o x i d e s a r e b e s t i n t e r p r e t e d i n t e r m s o f b o t h 
p r e f e r e n t i a l i o n a d s o r p t i o n ( p h y s i c a l ) a n d i o n e x c h a n g e i n v o l v i n g t h e h y -
d r o x y l g r o u p s o f t h e h y d r a t e d s u r f a c e l a y e r s . T h e r e l a t i v e i m p o r t a n c e 
o f t h e a n i o n a n d c a t i o n w o u l d t h e n d e p e n d o n t h e h y d r o g e n i o n c o n c e n t r a ­
t i o n o f t h e s o l u t i o n . T h e y s t a t e t h a t i t i s v e r y p r o b a b l e t h a t t h e s u r ­
f a c e s o f i n s o l u b l e o x i d e s u n d e r g o r e a c t i o n w i t h w a t e r t o a d s o r b h y d r o x y l 
g r o u p s , p r o d u c i n g a s u r f a c e w h i c h may i o n i z e e i t h e r a s a w e a k a c i d o r a 
w e a k b a s e , d e p e n d i n g o n t h e c i r c u m s t a n c e s . The e l e c t r i c a l d o u b l e l a y e r 
e s t a b l i s h e d i n t h i s w a y w i l l h a v e e i t h e r h y d r o g e n o r h y d r o x y l i o n s i n 
t h e d i f f u s e l a y e r when t h e s u b s t a n c e s a r e i n c o n t a c t w i t h p u r e w a t e r . 
T h e r e i s c o n s i d e r a b l e e v i d e n c e t o i n d i c a t e t h a t s i l i c a b i n d s w a t e r t o 
g i v e a s u r f a c e l a y e r o f s i l i c i c a c i d . S i n c e s i l i c a h a s a n e g a t i v e c h a r g e 
i n p u r e w a t e r t h e s u r f a c e h y d r o x y l g r o u p s a r e b e h a v i n g a s a c i d s . 
T h e p e r s i s t e n t n e g a t i v e c h a r g e d i s p l a y e d b y a l l f o r m s o f s i l i c a 
s u g g e s t s t h a t t h e s u r f a c e h y d r o x y l g r o u p s m a i n l y r e s p o n s i b l e f o r t h e 
c h a r g e a r e c o m p a r a t i v e l y s t r o n g l y p o l a r i z e d b y t h e c o o r d i n a t i n g s i l i c o n 
a t o m s , t h u s f a c i l i t a t i n g t h e r e l e a s e o f h y d r o g e n i o n s when i n c o n t a c t 
w i t h w a t e r . T h e r e f o r e t h e r e i s l i t t l e t e n d e n c y f o r s i l i c i c a c i d t o e x ­
h i b i t b a s i c p r o p e r t i e s a n a l o g o u s t o t h o s e o f t h e h y d r a t e d o x i d e s o f o t h e r 
m e t a l s . 
112 
G a u d i n e t a l . h a v e u s e d t r a c e r t e c h n i q u e s i n e x p e r i m e n t s o n r e ­
a c t i o n o f s o d i u m s a l t s w i t h q u a r t z i n w h i c h g o o d e v i d e n c e f o r t h e e x i s -
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t e n c e o f c a t i o n e x c h a n g e h a s b e e n p r e s e n t e d . I o n e x c h a n g e ( b o t h c a t i o n 
a n d a n i o n ) h a s b e e n o f f e r e d a s t h e e x p l a n a t i o n o f c h a n g e s i n s u r f a c e 
c h a r g e o f o x i d e s . I o n s c a n b e p h y s i c a l l y a d s o r b e d b y a s u r f a c e a l r e a d y 
p o s s e s s i n g a c h a r g e o f t h e same s i g n . The e x t e n t o f a d s o r p t i o n i s i n d e ­
p e n d e n t o f r e a s o n a b l e c h a n g e s i n t h e m a g n i t u d e o f t h e c h a r g e o n t h e s u r -
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f a c e . F o r t h i s r e a s o n s u r f a c e s w i t h a n e g a t i v e c h a r g e c a n b e made 
m o r e n e g a t i v e b y a d d i t i o n o f c e r t a i n a n i o n s s i n c e t h e s u r f a c e may b e p r e ­
f e r e n t i a l t o t h a t t y p e o f i o n . 
1 1 3 
J o h a n s e n a n d B u c h a n a n r e p o r t t h a t p o t e n t i a l s c o u l d b e r e t u r n e d 
t o t h e i r n o r m a l v a l u e ( t h a t i n w a t e r ) b y p r o l o n g e d w a s h i n g a s l o n g a s 
t h e i o n s w e r e o f t h e same s i g n . C a t i o n a d s o r p t i o n b y n e g a t i v e s u r f a c e s 
c o u l d n o t b e r e v e r s e d b y w a s h i n g . T h i s i s p r o b a b l y t h e c a s e i n a s a n d 
f i l t e r . Upon a d d i t i o n o f c o a g u l a t e d m a t e r i a l s , t h e d i s s o l v e d i r o n ( o r 
a l u m i n u m ) l e f t i n s o l u t i o n w o u l d b e a d s o r b e d b y t h e s a n d s u r f a c e t h e r e b y 
r e d u c i n g t h e p o t e n t i a l . O t h e r i o n s i n s o l u t i o n may a l s o b e p r e f e r e n ­
t i a l l y a d s o r b e d . D u r i n g b a c k w a s h i n g o f t h e f i l t e r , t h e s a n d p r o b a b l y r e ­
g a i n s p a r t o f i t s o r i g i n a l c h a r g e b u t t h e r e d u c t i o n i n c h a r g e d u e t o c a t ­
i o n a d s o r p t i o n w o u l d n o t b e r e v e r s e d c o m p l e t e l y , i f a t a l l . T h e a d d i t i o n 
o f c h l o r i n e a n d o t h e r c h e m i c a l s a d d e d a f t e r f i l t r a t i o n w o u l d b e p r e s e n t 
i n t h e b a c k w a s h w a t e r a n d w o u l d a f f e c t t h e d e g r e e o f r e s t o r a t i o n o f t h e 
c h a r g e . 
D u r i n g Run 2 i t w a s p o i n t e d o u t t h a t d e e p e r p e n e t r a t i o n w a s o b s e r v e d 
f o r t h e new s a n d t h a n f o r t h e o l d s a n d . The e l e c t r o p h o r e t i c m o b i l i t y o f 
t h e f l o e w a s - 1 . 2 2 ( i / s e c / v o l t / c m a n d i t i s s a f e t o a s s u m e t h a t t h e c h a r g e 
o n t h e s a n d w a s r e d u c e d b y t h e i r o n a d s o r b e d d u r i n g Run 1 . W i t h a r e d u c e d 
s u r f a c e c h a r g e o n t h e s a n d , l e s s r e p u l s i o n w o u l d b e e x p e c t e d a n d b e t t e r 
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r e m o v a l a c h i e v e d , a s o b s e r v e d . 
The w r i t e r b e l i e v e s t h a t f o r f l o c c u l a n t m a t e r i a l s t h e f o l l o w i n g 
e v e n t s c a n b e c o n s i d e r e d : ( l ) I f t h e f l o e a r e p o s i t i v e a n d t h e s a n d 
n e g a t i v e , t h e f l o e w i l l b e a d s o r b e d o n t o t h e s a n d s u r f a c e t h e r e b y d e ­
c r e a s i n g t h e d i a m e t e r o f t h e p o r e s i n t h e f i l t e r b e d . A d d i t i o n a l r e m o v a l 
b e y o n d t h e a d s o r p t i o n c a p a c i t y o f t h e s a n d w o u l d b e d u e t o s t r a i n i n g . 
( 2 ) I f t h e f l o e h a v e a c h a r g e c l o s e t o z e r o o r i n g e n e r a l i f t h e a t t r a c ­
t i v e f o r c e s o f t h e f l o e e x c e e d t h e r e p u l s i v e f o r c e s , o n e o f t w o t h i n g s 
p r o b a b l y o c c u r s . T h e f i r s t p o s s i b i l i t y i s c o a g u l a t i o n o f t h e p a r t i c l e s 
w i t h i n t h e b e d . C o a g u l a t i o n w o u l d r e s u l t i n a n i n c r e a s e i n t h e a v e r a g e 
d i a m e t e r o f t h e f l o e a n d r e m o v a l w o u l d b e e f f e c t e d b y s t r a i n i n g . T h e 
s e c o n d p o s s i b i l i t y i s t h e a d h e s i o n o f t h e f l o e t o t h e s a n d s u r f a c e w h i c h 
w i l l b e c a l l e d a d s o r p t i o n a s i n c a s e o n e . M e c h a n i s m s a r e a v a i l a b l e f o r 
t r a n s p o r t o f p a r t i c l e s t o t h e s a n d s u r f a c e a n d w i t h l i t t l e r e p u l s i o n d u e 
t o a l o w z e t a p o t e n t i a l , t h e f l o e w o u l d a d h e r e t o t h e s a n d s u r f a c e o r t o 
f l o e p r e v i o u s l y r e m o v e d . 
T h e r e m o v a l o f " i n e r t " s u s p e n d e d m a t t e r b y a f i l t e r i s p i c t u r e d 
s o m e w h a t d i f f e r e n t l y b u t s t i l l d e p e n d i n g o n t h e e l e c t r o k i n e t i c f o r c e s 
p r e s e n t . C l a y p a r t i c l e s , a l g a e , b a c t e r i a , a n d v i r u s e s , t o m e n t i o n a f e w , 
a r e r e m o v e d b y f i l t e r s t o a d e g r e e e v e n t h o u g h t h e p a r t i c l e s a r e much 
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s m a l l e r t h a n t h e p o r e d i a m e t e r o f t h e f i l t e r . H u n t e r a n d A l e x a n d e r 
h a v e p r o p o s e d a d i f f u s i o n o f t h e s e s m a l l p a r t i c l e s i n t o " d e a d s p a c e s " i n 
t h e f i l t e r d u e t o a c o n c e n t r a t i o n g r a d i e n t . E l e c t r o k i n e t i c f o r c e s o f a t ­
t r a c t i o n b e t w e e n t h e f i l t e r m e d i u m a n d t h e s u s p e n d e d m a t e r i a l s c o u l d i n ­
c r e a s e t h e p r o b a b i l i t y o f a p a r t i c l e d i f f u s i n g i n t o o n e o f t h e s e a r e a s 
o f l o w s h e a r . I n o n e e x p e r i m e n t t h e s a n d w a s r e n d e r e d p o s i t i v e b y t h e 
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a d s o r p t i o n o f h e x a d e c y l t r i m e t h y l a m m o n i u m i o n s . I t w a s r e p o r t e d t h a t t h e 
g e n e r a l f e a t u r e s o f t h e d e p o s i t i o n p r o c e s s w e r e u n c h a n g e d t h o u g h t h e a -
m o u n t o f d e p o s i t i o n w a s s u b s t a n t i a l l y i n c r e a s e d . I t i s p o s s i b l e t h a t i n 
t h i s c a s e t h e a t t r a c t i v e f o r c e s b e t w e e n t h e s a n d a n d c l a y p a r t i c l e s i n ­
c r e a s e d t h e p r o b a b i l i t y o f d i f f u s i o n o f t h e p a r t i c l e s i n t o t h e d e a d s p a c e s . 
S i n c e t h e c l a y p a r t i c l e s d o n o t h a v e t h e a d h e s i o n c h a r a c t e r i s t i c s e x h i ­
b i t e d b y f l o c c u l a n t m a t e r i a l s , t h e c l a y p a r t i c l e s m a d e c o n t a c t w i t h t h e 
s a n d b u t w e r e p r o b a b l y r e m o v e d a f t e r c o n t a c t b y h y d r o d y n a m i c s h e a r f o r c e s 
e x c e p t i n t h e d e a d s p a c e s . 
An i n c r e a s e i n t h e r e p u l s i v e f o r c e s b e t w e e n t h e s u s p e n d e d p a r t i ­
c l e s c o u l d a l s o i n c r e a s e t h e p r o b a b i l i t y o f a p a r t i c l e d i f f u s i n g i n t o t h e 
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d e a d s p a c e s d u e t o m u t u a l r e p u l s i o n o f t h e s u s p e n d e d p a r t i c l e s . J o r d a n 
r e p o r t e d i m p r o v e d f i l t r a t i o n w i t h i n c r e a s i n g n e g a t i v e z e t a p o t e n t i a l , a n d 
o f f e r e d a s a p o s s i b l e e x p l a n a t i o n t h e p r e s e n c e o f a p o s i t i v e l y c h a r g e d 
S c h m u t z d e c k e . J o r d a n a g r e e s t h a t a p o s i t i v e l y c h a r g e d S c h m u t z d e c k e i s 
h a r d t o c o n c e i v e o f s i n c e i t i s c o m p o s e d o f b a c t e r i a , c l a y , a n d o t h e r ma­
t e r i a l s g e n e r a l l y c o n s i d e r e d t o b e n e g a t i v e l y c h a r g e d , b u t o f f e r s t h e p o s ­
s i b i l i t y t h a t t h e p r o d u c t s o f d e c o m p o s i t i o n o f t h e s e m a t e r i a l s may b e p o s i ­
t i v e . I t i s a l s o p o s s i b l e t h a t t h e p a r t i c l e s w e r e r e m o v e d b y t h e m e c h a n i s m 
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p r o p o s e d b y H u n t e r a n d A l e x a n d e r a n d t h a t t h e i n c r e a s i n g n e g a t i v e p o t e n ­
t i a l o f t h e s u s p e n s i o n s s t u d i e d c o n t r i b u t e d t o t h e p a r t i c l e t r a n s p o r t b y 
d i f f u s i o n a n d t h e r e f o r e p r o d u c e d b e t t e r r e m o v a l . I t i s a l s o n o t e d t h a t 
i n v e s t i g a t i o n o f J o r d a n ' s w o r k i n d i c a t e s t h a t i m p r o v e d r e m o v a l e f f i c i e n c i e s 
c o r r e s p o n d w i t h e l a p s e d t i m e o f f i l t r a t i o n . T h i s c o u l d c o r r e s p o n d t o t h e 
p e r i o d o f " r i p e n i n g " n o t e d b y o t h e r i n v e s t i g a t o r s . 
The r e m o v a l o f v i r u s e s , b a c t e r i a , a n d a l g a e w h i c h a r e n e g a t i v e l y 
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c h a r g e d i s e n h a n c e d b y t h e a d d i t i o n o f c o a g u l a n t s . T h e c o a g u l a t i o n o f 
t h e s e m a t e r i a l s w o u l d b e s i m i l a r t o c o a g u l a t i o n o f c l a y a n d o t h e r c o l ­
l o i d a l p a r t i c l e s o f n e g a t i v e c h a r g e . I t i s b e l i e v e d t h a t t h e a d d i t i o n 
o f p o s i t i v e l y c h a r g e d c o a g u l a n t s r e v e r s e s t h e n e t s u r f a c e c h a r g e o f 
t h e s e s u s p e n d e d p a r t i c l e s . I n t u r n t h e p o s i t i v e l y c o a t e d m a t e r i a l s a r e 
a d s o r b e d o n t o t h e s a n d s u r f a c e . 
The w o r k p r e s e n t e d i n t h i s t h e s i s d i s a g r e e s s o m e w h a t w i t h t h e 
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w o r k o f S t a n l e y ' . S t a n l e y r e p o r t e d v e r y p o o r f i l t r a t i o n a t l o w 
pH l e v e l s a n d b e s t f i l t r a t i o n a t a pH n e a r 7*0 I n m o s t c a s e s t h e w r i t e r 
o b s e r v e d b e s t f i l t r a t i o n a t a pH o f 5*0 w i t h r e d u c t i o n i n pH a c c o m p a n i e d 
b y d e c r e a s i n g n e g a t i v e v a l u e s o f f l o e m o b i l i t y . I t s h o u l d b e p o i n t e d 
o u t t h a t S t a n l e y e m p l o y e d h i g h s a l t c o n c e n t r a t i o n s i n p r e p a r a t i o n o f h i s 
r a d i o a c t i v e f l o e . I n a d d i t i o n , t h e n e g a t i v e i o d i d e i o n s w e r e a b s o r b e d 
i n t o t h e f l o e . T h e c h a r a c t e r i s t i c s o f b o t h t h e f l o e a n d s a n d w e r e p r o b ­
a b l y c h a n g e d b y t h e h i g h i o n i c c o n c e n t r a t i o n a n d p o s s i b l y e v e n b y t h e 
r a d i a t i o n . A d d i t i o n a l i n f o r m a t i o n may b e g a i n e d f r o m h i s i n v e s t i g a t i o n 
o f t h e e f f e c t s o f 500 m g / l o f N a C l , N a 2 S 0 ^ , a n d MgSO^ on f i l t r a t i o n . 
He r e p o r t e d 65 t o 70 V e r c e n t i n c r e a s e i n " P e n e t r a t i o n I n d e x " f o r Na^SO^ 
a n d MgSO^ a n d a b o u t 15$ f o r N a C l . T h i s i n d i c a t e s t o t h e w r i t e r t h a t 
t h e d o u b l e l a y e r t h i c k n e s s w a s a l r e a d y t h i n b e f o r e a d d i n g t h e s e s a l t s . 
B a s e d o n k n o w l e d g e g a i n e d d u r i n g t h i s r e s e a r c h a w i d e r d i f f e r e n c e w o u l d 
p r o b a b l y b e e x p e c t e d w i t h " n o r m a l " f l o e . A f t e r d e m o n s t r a t i n g t h e s e d i f ­
f e r e n c e s i n f i l t r a t i o n d u e t o pH a n d t h e p r e s e n c e o f s e l e c t e d c h e m i c a l s 
S t a n l e y d e v e l o p e d a n e m p i r i c a l e q u a t i o n f o r p e n e t r a t i o n i n v o l v i n g o n l y 
f l o w r a t e a n d s a n d s i z e , i n d i c a t i n g t h a t h e d i d n o t c o n s i d e r t h e r e s u l t s 
o f h i s c h e m i c a l s t u d i e s a s s i g n i f i c a n t i n c o n v e n t i o n a l w a t e r t r e a t m e n t 
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s y s t e m s . 
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S a n f o r d a n d G a t e s r e p o r t e d t h a t p o s i t i v e s a n d d i d n o t r e m o v e 
e i t h e r b a c t e r i a o r a l u m i n u m h y d r o x i d e b e t t e r t h a n n o r m a l s a n d . I t s h o u l d 
b e n o t e d t h a t n o m e a s u r e m e n t s w e r e m a d e t o d e t e r m i n e t h e s u r f a c e p o t e n ­
t i a l s o f e i t h e r t h e s a n d o r t h e s u s p e n d e d m a t t e r . T h e y c o n c l u d e d t h a t 
a d s o r p t i o n i s n o t o f i m p o r t a n c e i n f i l t r a t i o n . I t s h o u l d b e n o t e d t h a t 
t h i s c o n c l u s i o n w a s b a s e d o n a s s u m p t i o n s made a b o u t t h e c h a r g e o f t h e 
s a n d a n d s u s p e n d e d m a t t e r . 
T h e s e a u t h o r s d i d r e p o r t i n c r e a s e d h e a d l o s s f o r t h e f i l t e r s i n 
w h i c h a d s o r p t i o n c o u l d h a v e o c c u r r e d . No d i f f e r e n c e s i n d e p t h o f p e n e ­
t r a t i o n w e r e n o t e d . A p o s s i b l e e x p l a n a t i o n f o r t h i s i s t h a t t h e f l o e 
i n i t i a l l y w e r e r e m o v e d n e a r t h e s u r f a c e b y a d s o r p t i o n a n d p e n e t r a t e d 
d e e p e r a f t e r s h e a r i n c r e a s e d i n t h e u p p e r l a y e r s . T h e w r i t e r i s c o n v i n c e d 
t h a t f l o e do move d e e p e r i n t o t h e b e d a f t e r b e i n g r e m o v e d i n a f i l t e r . 
T h i s i s b a s e d o n t h e h i g h ( a s much a s f i v e t i m e s t h e i n f l u e n t c o n c e n t r a ­
t i o n ) c o n c e n t r a t i o n o f i r o n i n s a m p l e s c a r e f u l l y t a k e n f r o m w i t h i n t h e 
f i l t e r b e d d u r i n g R u n s 1 t h r o u g h 3• T h i s w o u l d o f c o u r s e d e p e n d o n how 
s t r o n g l y t h e f l o e a r e b o u n d t o t h e b e d a n d / o r o t h e r f l o e p a r t i c l e s . 
T h e r e s u l t s p r e s e n t e d i n t h i s t h e s i s h a v e p r a c t i c a l a p p l i c a t i o n s 
i n f i l t r a t i o n . A w i d e r a n g e i n b e d p e n e t r a t i o n a n d h e a d l o s s c a n o c c u r 
w i t h c h a n g e s i n t h e c h e m i c a l c o m p o s i t i o n o f t h e a q u e o u s s u s p e n d i n g m e d i u m . 
A c h a n g e i n t h e c h e m i c a l c o m p o s i t i o n o f t h e w a t e r i s m o r e e a s i l y e f f e c t e d 
t h a n c h a n g e s i n s a n d s i z e , b e d d e p t h , o r f l o w r a t e a f t e r t h e f i l t e r h a s 
b e e n c o n s t r u c t e d . Op t imum f i l t r a t i o n c a n t h e n b e c o n t r o l l e d b y a d d i t i o n 
o f a p p r o p r i a t e c h e m i c a l s . 
T h e i d e a l f i l t e r w o u l d s h a r e t h e r e m o v a l b u r d e n t h r o u g h o u t i t s 
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d e p t h , p r o d u c e w a t e r o f a c c e p t a b l e q u a l i t y , a n d o p e r a t e f o r a r e a s o n a b l e 
l e n g t h o f t i m e r e s u l t i n g i n a r e a s o n a b l e l o s s o f h e a d . A d d i t i o n o f p h o s ­
p h a t e i o n s r e s u l t i n a d e c r e a s e i n h e a d l o s s a n d a n i n c r e a s e i n b e d p e n e ­
t r a t i o n . R e m o v a l o f f l o e o r d i n a r i l y r e t a i n e d a t t h e s u r f a c e c o u l d t h e r e ­
f o r e b e e f f e c t e d a t g r e a t e r d e p t h i n t h e f i l t e r b e d b y a d d i t i o n o f p h o s ­
p h a t e . E l i m i n a t i o n o f c o m p l e t e b e d p e n e t r a t i o n b y o t h e r t y p e s o f s u s ­
p e n d e d m a t t e r c o u l d p o s s i b l y b e e f f e c t e d b y a d d i t i o n o f c o a g u l a n t a i d s 
o r p o l y e l e c t r o l y t e s . 
I t i s b e l i e v e d b y t h e w r i t e r t h a t f i l t r a t i o n w i l l b e c h e m i c a l l y 
c o n t r o l l e d i n t h e f u t u r e . M o r e r e s e a r c h i s n e e d e d t o d e t e r m i n e t h e c h e m ­
i c a l s t h a t a f f e c t t h e e l e c t r o k i n e t i c c h a r g e o f t h e s a n d a n d s u s p e n d e d 
m e d i u m i n a d e s i r e d m a n n e r . W i t h a k n o w l e d g e o f t h e a f f e c t s o f v a r i o u s 
c h e m i c a l s y s t e m s , c o m p l e t e c o n t r o l o f f i l t r a t i o n c a n b e e f f e c t e d . 
114 
CHAPTER V I I I 
CONCLUSIONS AND RECOMMENDATIONS 
C o n c l u s i o n s 
B a s e d u p o n t h e e x p e r i m e n t a l r e s u l t s o b t a i n e d i n t h i s r e s e a r c h , 
t h e f o l l o w i n g c o n c l u s i o n s h a v e b e e n r e a c h e d . 
1. T h e r e m o v a l o f f e r r i c f l o e f r o m s u s p e n s i o n d u r i n g r a p i d s a n d 
f i l t r a t i o n a s e v a l u a t e d b y h e a d l o s s i n c r e a s e a n d r a t e o f b e d 
p e n e t r a t i o n c a n b e s i g n i f i c a n t l y a f f e c t e d a n d , i n f a c t , c o n ­
t r o l l e d b y t h e c h e m i c a l c o m p o s i t i o n o f t h e a q u e o u s s u s p e n d i n g 
m e d i u m . 
2 . E l e c t r o k i n e t i c e f f e c t s r e s u l t i n g f r o m t h e c h a r g e d s u r f a c e s o f 
t h e s a n d f i l t e r m e d i u m a n d t h e s u s p e n d e d f l o e p a r t i c l e s a s d e ­
t e r m i n e d b y m i c r o e l e c t r o p h o r e t i c m o b i l i t y m e a s u r e m e n t s p r o v i d e 
t h e m o s t i m p o r t a n t p a r t i c l e c o l l e c t i o n m e c h a n i s m i n t h e r a p i d 
s a n d f i l t r a t i o n o f h y d r o u s f e r r i c o x i d e f l o e . 
3* P h o s p h a t e i o n s e x e r t v e r y s i g n i f i c a n t e f f e c t s i n t h e f i l t r a ­
t i o n o f f e r r i c f l o e , a s c h a r a c t e r i z e d b y a m a r k e d d e c r e a s e i n 
c l o g g i n g r a t e a n d a c o r r e s p o n d i n g i n c r e a s e i n t h e r a t e o f f l o e 
p e n e t r a t i o n i n t o t h e f i l t e r b e d . 
R e c o m m e n d a t i o n s 
T h e f o l l o w i n g r e c o m m e n d a t i o n s a r e o f f e r e d a s a l o g i c a l c o n t i n u a t i o n 
o f t h e r e s e a r c h p r e s e n t e d i n t h i s t h e s i s a n d a r e d i r e c t e d t o w a r d a b e t t e r 
u n d e r s t a n d i n g o f t h e f i l t r a t i o n p r o c e s s . 
H 5 
1 . A f i l t r a t i o n s t u d y s h o u l d b e c o n d u c t e d i n w h i c h t h e c a t i o n 
p o r t i o n o f t h e s y s t e m i s v a r i e d . S i n c e t h e c a t i o n h a s a 
g r e a t e r e f f e c t o n t h e s a n d s u r f a c e t h a n t h e a n i o n , t h i s may 
g i v e a d d i t i o n a l e v i d e n c e on t h e i m p o r t a n c e o f t h e s u r f a c e 
c h a r g e o f t h e s a n d . 
2 . S t u d i e s s h o u l d b e c o n d u c t e d i n w h i c h p r o v i s i o n s a r e m a d e f o r 
t h e m e a s u r e m e n t o f s t r e a m i n g p o t e n t i a l s a t d i f f e r e n t d e p t h s 
i n t h e f i l t e r . The c h a n g e s i n p o t e n t i a l w i t h i n t h e f i l t e r 
may t h e n b e c o r r e l a t e d w i t h h e a d l o s s a n d b e d p e n e t r a t i o n . 
3 . E l e c t r o p h o r e t i c s t u d i e s s h o u l d b e c o n d u c t e d i n w h i c h t h e e f ­
f e c t s o f i o n s o n a c o m b i n e d s y s t e m o f f e r r i c o x i d e a n d s i l i c a 
( a s d i s c u s s e d i n C h a p t e r V I I ) b e d e t e r m i n e d . T h e f i n d i n g s o f 
t h i s s t u d y s h o u l d t h e n b e c o r r e l a t e d w i t h f i l t r a t i o n r u n s u s ­
i n g t h e i o n s i n v e s t i g a t e d . 
k. A f i l t r a t i o n s t u d y s h o u l d b e c o n d u c t e d i n w h i c h p r o v i s i o n s a r e 
made f o r m e a s u r e m e n t o f h e a d l o s s a t v e r y s m a l l i n c r e m e n t s 
t h r o u g h o u t t h e f i l t e r b e d . A p r e s s u r e t r a n s d u c e r i s r e c o m m e n d e d 
i n o r d e r t o e l i m i n a t e p a s s a g e o f f l o w i n t o a n d o u t o f t h e b e d 
a s e n c o u n t e r e d w i t h m a n o m e t e r s . M o r e a c c u r a t e m e a s u r e m e n t s 
c o u l d a l s o b e m a d e . A c l o s e r l o o k a t t h e c h a n g e s i n p r e s s u r e 
w i t h i n t h e f i l t e r b e d w o u l d i n d i c a t e w h e r e r e m o v a l i s b e i n g 
e f f e c t e d a t a l l t i m e s . I t i s b e l i e v e d t h a t i f t h e r a t e o f 
d e p o s i t i o n w e r e known a t e a c h d e p t h m o r e i n f o r m a t i o n c o u l d b e 
g a i n e d a b o u t t h e m e c h a n i s m o f d e p o s i t i o n . 
5- A s t u d y s h o u l d b e c o n d u c t e d o f t h e a d s o r p t i o n o n t o a n d / o r d i s ­
p l a c e m e n t o f i o n s f r o m t h e s a n d s u r f a c e s . A l o n g s a n d c o l u m n 
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c o u l d "be e m p l o y e d t h r o u g h w h i c h d e m i n e r a l i z e d w a t e r i s p a s s e d 
i n i t i a l l y . C o n d u c t i v i t y , pH, a n d s a m p l e s f o r c h e m i c a l a n a l y ­
s i s s h o u l d h e c o l l e c t e d . When t h e c h e m i c a l s y s t e m r e a c h e s 
e q u i l i b r i u m , i o n s o f i n t e r e s t ( e . g . c h l o r i d e , s u l f a t e , p h o s ­
p h a t e , e t c . ) s h o u l d h e a d d e d . M e a s u r e m e n t o f c o n d u c t i v i t y , 
pH, a n d i o n t y p e a n d c o n c e n t r a t i o n s h o u l d h e made f o r t h e f i l ­
t e r i n f l u e n t a n d e f f l u e n t a t r e g u l a r t i m e i n t e r v a l s a n d c h a n g e s 
n o t e d . S i m i l a r t e c h n i q u e s c o u l d h e e m p l o y e d f o r o t h e r c h e m i c a l 
s y s t e m s . A n a l y s i s o f i n f l u e n t a n d e f f l u e n t s a m p l e s s h o u l d p r o ­
v i d e a m e a s u r e o f a d s o r p t i o n a n d / o r d i s p l a c e m e n t o f i o n s . A 
k n o w l e d g e o f t h e r a t e a n d a m o u n t o f i o n a d s o r p t i o n a n d / o r d i s ­
p l a c e m e n t w i t h i n t h e f i l t e r "bed s h o u l d h e v a l u a b l e i n p r e d i c t ­
i n g e f f e c t s o f d i f f e r e n t a q u e o u s s y s t e m s o n t h e f i l t r a t i o n p r o ­




H e a d L o s s D a t a 
Run N o . 3 - F i l t e r N o . 1 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.10 3-00 4.00 5.00 6.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.025 0.712 1-375 1.271 1.850 2.650 3.250 
2 0.050 0.750 1.525 1.529 2.166 3.150 4.017 
3 0.075 0.771 1.550 1.562 2.225 3.238 4.171 
6 0.150 0.842 1.617 1.629 2.300 3.304 4.238 
9 0.208 0 . 9 0 4 1.683 I.696 2.362 3.367 4.296 
12 0.275 0.962 1.742 1.754 2.433 3.433 4.354 
18 0.379 1.075 I . 8 5 O 1.866 2.545 - 3.533 4.467 
23 0.462 1.158 1.925 1.954 2 . 6 4 i 3.600 4.550 
24 •+• u n d e r ­
d r a i n 0.479 1.175 1.942 1.970 2 . 6 6 6 3.633 4.567 
B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 7.00 8.00 9.10 10.00 11.00 11.50 
S u r f a c e * 
1 0.000 0.000 0.000 0.000 0.000 0.000 
2 1.142 1.275 1.834 I.85O 2.321 2.746 
3 1.408 I.613 2.217 2.283 2.792 3.246 
6 1.475 I.671 2.330 2.417 2.959 3.437 
9 1.525 1.742 2.392 2.483 3.017 3.496 
12 1.596 1.800 2.446 2.542 3.079 3-546 
18 1.708 1.909 2.559 2.650 3-184 3.654 
23 1.796 1.992 2.642 2.733 3.267 3.737 
24 + u n d e r ­
d r a i n 1.808 2.013 2.659 2.758 3.284 3.754 
N o t e : P h o s p h a t e pump o p e r a t e d o n l y f r o m 2.00 t o 3.00 h o u r s . 
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APPENDIX A ( C o n t i n u e d ) 
Run N o . 3 - F i l t e r N o . 2 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.10 3.00 4.00 5.00 6.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.012 0.413 0.808 1.125 1.380 1.712 2.000 
2 0.033 0.467 0.958 1.362 1.963 2.442 2.983 
3 0.054 0.492 O.983 1.425 2.042 2.579 3.150 
6 0.125 O.563 1.050 1.517 2.113 2.662 3.275 
9 O.I96 O.638 1.117 1.608 2.180 2.725 3 .342 
12 0.254 O.696 1.175 1.675 2.246 2.787 3.400 
18 0.362 0.813 1.292 1.792 2.350 3.896 3.508 
23 0.450 O.896 1.367 1.892 2.434 2.979 3.592 
24 + u n d e r ­
d r a i n 0.471 0.913 1.392 I.896 2.450 2.996 3.608 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 7.00 8.00 9-12 10.00 11.00 11.50 
S u r f a c e * 
1 0.000 0.000 0.000 
2 1.313 1.329 1 .646 0.000 0.000 0.000 
3 1.500 1.475 1.900 0.283 0.325 0.375 
6 1.680 1.775 2.200 0.633 0.729 0.783 
9 1 .746 1 .846 2.267 0.700 0.821 0.900 
12 1.792 1.892 2.325 0.758 0.883 0.962 
18 I.896 2.008 2.425 0.866 0.992 1.075 
23 1.988 2.083 2.508 0.941 1.075 1.154 
2k + u n d e r ­
d r a i n 2.000 2.096 2.525 0.958 1.092 1.175 
APPENDIX A ( C o n t i n u e d ) 
Run N o . 3 - F i l t e r N o . 3 
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B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.00 6.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.029 0.766 1.467 1.888 2.633 3.250 3.600 
2 0.059 0 .846 1.617 2.358 3.200 4.029 4.934 
3 0.092 O.925 1.642 2.388 3.229 4.054 4.983 
6 O.I67 O.996 1.725 2.467 3.308 4.133 5.042 
9 0.242 1.033 1.800 2.542 3.395 4.204 5.H7 
12 0.309 1.071 1.858 2.609 3.445 4.275 5.188 
18 0.434 1.196 1.983 2.738 3.566 4.400 5.309 
23 0.525 1.287 2.075 2.834 3.666 4.491 5.409 
24 + u n d e r ­
d r a i n 0.546 1.308 2.100 2.854 3.683 4.512 5.434 
B e d D e p t h 
( i n c h e s ) 7.00 
F i l t r a t i o n T i m e ( h o u r s ) 
8.00 9.08 10.00 11.00 11.50 
S u r f a c e * - - - - -
1 0.000 0.000 0.000 0.000 0.000 0.000 
2 1.675 2.196 2.480 3.238 - 3.600 
3 1.691 2.234 2.546 3.367 - 3.75̂  
6 1.750 2.309 2.609 3-442 - 3.842 
9 1.825 2.367 2.667 3.517 3.841 3.917 
12 1.891 2.417 2.738 3-584 3.908 3.984 
18 2.016 2.550 2.855 3.709 4.033 4.io4 
23 2.108 2.642 2.942 3.800 4.125 4.200 
2 4 + u n d e r ­
d r a i n 2.129 2.659 2.963 3.821 4 .145 4.221 
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APPENDIX A ( C o n t i n u e d ) 
Run N o . 3 - F i l t e r N o . 4 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.00 6.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.029 O.562 1.300 1.983 2.521 3-224 3.866 
2 0.066 0.608 1.437 2.308 3.H3 3.941 4.808 
3 o .087 O.633 1.467 2.333 3.134 3.974 4.858 
6 0.166 0.716 1.542 2.44l 3.209 4.057 4.941 
9 0.237 0.791 1.617 2.54l 3.279 4.137 5.008 
12 0.308 0.866 1.692 2.625 3.350 4.212 5.079 
18 0.441 0.991 .1.825 2.775 3.475 4.341 5.208 
23 0.533 1.091 1.917 2.870 3.559 4.432 5.304 
24 + u n d e r ­
d r a i n 0.558 1.112 1.942 2.904 3.575 4.462 5.239 
B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 7.00 8.00 9.07 10.00 11.50 
S u r f a c e * 
1 0.000 0.000 0.000 0.000 0.000 
2 1.508 1.767 2.150 2.504 3.226 
3 1.592 1.667 2.279 2.659 3.363 
6 1.671 1.954 2.371 2.767 3.496 
9 1.742 2.025 2.442 2.842 3.567 
12 1.817 2.092 2.517 2.913 3.638 
18 1.942 2.175 2.642 3.038 3.76.3 
23 2.037 2.259 2.738 3.142 3.855 
2k + u n d e r ­
d r a i n 2.058 2.275 2.758 3.167 3.884 
* A . f t e r 6 h o u r s o f o p e r a t i o n t h e h e a d l o s s e x c e e d e d t h e a v a i l a b l e : m a n o -
m e t e r l e n g t h s o t o p m a n o m e t e r s w e r e c l a m p e d o f f i n o r d e r t o l o w e r t h e 
p r e s s u r e i n t h e s u p p r e s s o r s y s t e m . A r e f e r e n c e m a n o m e t e r • l e a d i n g u p t o 
t h e c o n s t a n t h e a d t a n k a n d a m a n o m e t e r o n t h e s u p p r e s s o r l i n e i n d i c a t i n g 
a i r p r e s s u r e i n f e e t o f w a t e r w a s i n s t a l l e d b e f o r e Run 4 t o e l i m i n a t e 
t h i s d i f f i c u l t y . S e e F i g u r e 10. 
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Run N o . 4 -F i l t e r N o . 1 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 0.50 1.00 1.50 2.00 3.00 4.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 
1 0.029 0.154 0.312 0.496 0.666 1.038 1.425 
2 0.062 0.191 0.354 0.563 0.775 1.271 1.829 
0.091 0.216 0.379 0.592 0.804 1.296 1.858 
6 0.166 0.295 0.454 0.667 0.875 1.371 1.929 
9 0.233 O.366 0.525 0.738 0.950 1.442 2.000 
12 0.304 0.437 0.591 0.800 1.016 1.508 2.066 
18 0.429 C.566 0.720 0.929 1.141 1.633 2.196 
23 0.524 0.666 0.820 1.025 1.241 1.725 2.292 
24 + u n d e r ­
d r a i n O.550 0.691 0.841 1.083 1.262 1.750 2.312 
F i l t r a t i o n T ime ( h o u r s ) 
B e d D e p t h 5-00 6.00 *6.50 7.00 7.75 8.17 8.92 
( i n c h e s ) ( d e l e t e ) (6.50) (7.25) (7.67) (8.42) 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 1.884 2.333 .1.708 2.242 2.675 2.830 3.310 
2 2.438 3.112 2.675 3.400 4.025 4.314 4.956 
oo
 
2.459 3.166 2.724 3.463 4.100 4.405 5.076 
6 2.530 3.233 2.800 3.533 4.175 4.476 5-147 
9 2.596 3.308 2.870 3.604 4.242 4.543 5.214 
12 2.663 3.375 2.941 3.675 4.309 4.610 5.280 
18 2.788 3.500 3.066 3.800 4.429 4.735 5.4o6 
23 2.888 3.595 3.166 3.900 4.525 4.830 5.̂ 97 
2k + u n d e r ­
d r a i n 2.909 3.616 3.187 3.923 4.550 4.855 5.518 
F i l t r a t i o n T i m e ( h o u r s ) 
B e d D e p t h 10.00 11.83 12.50 
( i n c h e s ) (9.50) (11.33) (12.00) 
S u r f a c e 0.000 0.000 0.000 
1 3.794 4.857 5.006 
2 5.786 7.287 7.619 
3 5.952 7.520 7.894 
6 6.032 7.620 8.006 
9 6.103 7.687 8.073 
12 6.169 7.753 8.144 
18 6.328 7.878 8.273 
23 6.390 7.97O 8.365 
2k + u n d e r ­
d r a i n 6.4.U 7.995 8.389 
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APPENDIX A ( C o n t i n u e d ) 
Run N o . 4 - F i l t e r N o . 2 
B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 0.00 0.50 1.00 1.50 2.00 3.00 4.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.029 0.192 0.370 0.591 0.808 1.271 1.721 
2 0.071 0.225 0.391 0.633 0.879 1.433 2.017 
3 0.104 0.250 0.4i6 0.666 0.925 1.458 2.054 
6 0.196 0.334 0.495 0.741 0.992 1.533 2.121 
9 0.271 0.409 0.570 0.821 I.O67 1.616 2.221 
12 0.346 0.475 0.637 O.891 1.133 1.687 2.288 
18 0.479 0.600 0.762 1.016 1.267 1.808 2.371 
23 0.575 0.700 0.854 1.108 1.358 1.908 2.508 
24 + u n d e r ­
d r a i n 0.596 0.721 O.870 1.129 1.383 1.933 2.537 
F i l t r a t i o n T ime ( h o u r s ) 
B e d D e p t h 5.00 6.00 *6.50 7.00 7.75 8.17 8.92 
( i n c h e s ) ( d e l e t e ) (6.50) (7.25) (7.67) (8.42) 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 2.288 2.795 2.388 3.033 3.426 3.330 3.876 
2 2.692 3.420 3.155 3.904 4.476 4.518 5.164 
3 2.725 3.466 3.196 3.945 4.538 4.593 5.247 
6 2.792 3 .4^5 3.275 4.025 4.613 4.672 5.331 
9 2.883 3.657 3.355 4.091 4.705 4.747 5.4o6 
12 2.938 3.662 3-421 4.158 4.759 4.813 5.472 
18 3.046 3.695 3-546 4.279 4.888 4.938 5.597 
23 3.162 3.875 3.642 4.366 4.984 5.034 .5.693 
2k + u n d e r ­
d r a i n 3.196 3.966 3.667 4.391 5.017 5.059 5.718 
F i l t r a t i o n T ime ( h o u r s ) 
B e d D e p t h 10.00 11.83 12.50 
( i n c h e s ) (9.50) (11.33) (12.00) 
S u r f a c e 0.000 0.000 0.000 
1 4.437 5 .644 5.719 
2 6.011 7.561 7.852 
3 6.128 7.702 7.998 
6 6.216 7.811 8.085 
9 6.291 7.882 8.115 
12 6.357 7.944 8.256 
18 6.487 8.069 8.298 
23 6.582 8.165 8.473 
2k + u n d e r ­
d r a i n 6.607 8.186 8.498 
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Run N o . 4 - F i l t e r N o . 3 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 0.50 1.00 1.50 2.00 3.00 4.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.052 0.104 0.150 0.225 0.300 0.475 0.650 
2 0.088 0.154 0.229 0.325 0.425 0.658 0.908 
3 0.126 0.188 0.266 0.375 0.488 0.742 1.008 
6 0.213 O.279 0.354 0.467 0.583 0.858 1.166 
9 0.300 0.363 0.437 0.550 0.667 0.942 1.250 
12 0.376 0.433 0.508 0.621 0.792 1.017 1.320 
18 0.492 0.554 0.637 0.742 0.863 1.138 1.441 
23 0.584 0.646 0.729 0.834 0.954 1.233 1.533 
24 + u n d e r ­
d r a i n 0.609 0.671 0.750 O.859 0.980 1.254 1.545 
F i l t r a t i o n T i m e ( h o u r s ) 
B e d D e p t h 5.00 6.00 *-6,50 7.00 7.75 8.17 8.92 
( i n c h e s ) ( d e l e t e ) (6.50) (7.25) (7.67) (8.42) 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.817 0.984 O.858 1.008 1.104 1.393 1.972 
2 1.162 1.425 1.371 1.583 1.729 2.118 2.914 
3 1.283 1.575 1.521 1.746 1.912 2.318 3.164 
6 1.467 1-775 1.741 1.971 2.154 2.568 3.439 
9 1.558 I.892 1.862 2.108 2.304 2.722 3.598 
12 I.629 1.959 1.937 2.179 2.379 3.801 3.689 
18 I.754 2.084 2.058 2.300 2.504 2.926 3.806 
23 1.841 2.175 2.150 2.391 2.591 3.018 3.902 
24 4- u n d e r ­
d r a i n I.867 2.196 2.171 2.421 2.616 3.039 3.923 
F i l t r a t i o n T i m e ( h o u r s ) 
B e d D e p t h IO.58 11.50 12.92 
( i n c h e s ) (10.08) (11.00) (12.42) 
S u r f a c e 0.000 O'.OOO 0.000 
1 3.045 3-649 4.829 
2 4.403 5.166 6.946 
3 4.778 5-645 7.262 
6 5.078 5.966 7.612 
9 5.262 6.191 7.820 
12 5.370 6.278 7-946 
18 5.487 6.399 8.079 
23 5.587 6.491 8.171 
24 + u n d e r ­
d r a i n 5.607 6.516 8.191 
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Run N o . 4 - F i l t e r N o . 4 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 0.50 1.00 1.50 2.00 3.00 4.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.025 O.O67 0.083 0.100 0.112 0.142 0.175 
2 0.059 0.108 0.l4i 0.167 0.191 0.250 0.292 
3 0.084 0.129 0.166 0.205 0.233 0.300 0.358 
6 0.154 0.208 0.241 0.284 0.312 0.392 0.471 
9 0.225 0.275 0.316 0.359 0.383 0.463 0.542 
12 0.300 0.350 0.391 0.434 0.454 0.534 0.609 
18 0.442 0.483 0.525 O.567 0.591 0.675 0.750 
23 0.534 0.579 0.625 O.663 0.683 0.767 0.842 
24 + u n d e r ­
d r a i n 0.567 0.600 o . 6 4 i 0.688 0.704 0.788 0.867 
F i l t r a t i o n T i m e ( h o u r s ) 
B e d D e p t h 5.00 6.00 *6.50 7.00 7-75 8.17 8.92 
( i n c h e s ) ( d e l e t e ) (6.50) (7.25) (7.67) (8.42) 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.196 0.225 0.146 O.158 0.200 0.372 0.693 
2 0.329 0.379 0.263 O.292 0.354 0.585 0.944 on 0.396 0.459 0.325 0.362 0.433 0.676 1.044 
6 0.529 O.608 0.471 O.516 0.604 0.851 1.231 
9 0.600 O.692 0.571 O.616 0.712 0.968 1.352 
12 0.671 0.759 0.646 O.683 0.783 1.043 1.427 
18 0.804 O.896 0.779 0.825 0.921 1.180 1.560 
23 O.900 O.988 0.879 O.916 1.012 1.276 1.656 
24 + u n d e r ­
d r a i n O.929 1.013 0.900 0.946 1.037 1.297 1.677 
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Run N o . 4 -• F i l t e r N o . 4 ( c o n t i n u e d ) 
F i l t r a t i o n T i m e ( h o u r s ) 
B e d D e p t h 1 0 . 5 8 11.50 12.92 14.50 15.50 16.50 
( i n c h e s ) (10.08) ( 1 1 . 0 0 ) ( 1 2 . 4 2 ) ( i 4 . o o ) (15.00) (16.00; 
S u r f a c e 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.000 0 . 0 0 0 0.000 
1 1.182 1.590 1 .933 2 . 7 3 7 3.259 3.737 
2 1.707 2.261 2.967 3.996 4.730 5.491 
3 I.899 2.41.1 .3.146 4.217 4.984 5.782 
6 2.016 2.632 3.383 4 . 4 6 7 5.251 6.066 
9 2.207 2.778 3.538 4.629 5.417 6.237 
12 2.299 2 . 8 4 9 3.621 4.721 5.517 6 . 3 4 5 
18 2.391 2.990 3.758 4.854 5.651 6.478 
23 2.541 3.249 3 . 8 5 4 4.950 5-746 6 . 5 7 4 
24 + u n d e r ­
d r a i n 2 . 5 7 4 3.269 3.875 4 . 9 7 9 5.776 6 . 5 9 5 
*A m a l f u n c t i o n i n t h e m a n o m e t e r s u p p r e s s o r s y s t e m r e s u l t e d i n a d e c r e a s e 
i n h e a d l o s s a t 6.5O h o u r s d u r i n g Run 4 f o r a l l f i l t e r s . I n o r d e r t o 
c o m p e n s a t e f o r t h i s m i s h a p , a l l d a t a a f t e r 6.00 h o u r s w a s s h i f t e d 0.50 
h o u r t o w a r d t h e o r i g i n . The d a t a f o r 6.5O h o u r s w a s t h e n d e l e t e d . T h e 
n u m b e r s i n p a r e n t h e s i s a r e t h e a d j u s t e d t i m e s . 
NOTE: P h o s p h a t e pump s h u t o f f a f t e r 7*25 h o u r s o f o p e r a t i o n . 
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Run N o . 5 - F i l t e r N o . 1 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.00 6.07 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.021 o.o4i 0.050 0.054 0.058 O.O58 0.071 
2 0.046 0.091 0.125 0.150 0.175 0.191 0.221 
3 0.079 0.129 0.167 0.204 0.233 0.262 0.304 
6 0.158 0.212 0.275 0.337 0.387 0.433 O.492 
9 0.230 0.283 0.346 0.425 0.491 0.549 0.629 
12 0.291 0.345 o.4o8 0.491 0.683 0.633 0.721 
18 0.4i6 0.466 0.533 0.612 0.733 0.749 O.850 
23 0.508 0.562 0.629 0.704 0.775 0.841 0.946 
24 + u n d e r ­
d r a i n 0.533 0.583 0.649 0.729 0.795 O.870 O.967 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 7.08 8.00 9.10 10.00 11.00 12.00 13.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.050 0.06'3 0.075 0.084 0.084 0.096 0.096 
2 0.200 0.238 0.271 0.292 0.330 0.363 0.387 
3 0.275 0.321 0.367 0.392 0.442 0.488 0.5S5 
6 0.475 0.538 o.6o4 0.655 0.717 0.788 0.842 
9 0.604 0.688 0.771 0.825 0.909 0.988 1.054 
12 0.700 O.796 0.888 0.950 1.042 1.134 1.204 
18 0.841 0.946 1.046 1.125 1.234 1.342 1.429 
23 0.933 1.042 1.146 1.234 1 .346 1.454 1.554 
2k + u n d e r ­
d r a i n 0.958 I.067 1.171 1.255 1.371 1.479 1-575 
B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 14.00 15.00 16.00 17.00 
S u r f a c e 0.000 0.000 0.000 0.000 
1 0.117 0.125 0.137 0.158 
2 0.438 0.475 0.525 0.587 
3 0.583 0.634 0.695 0.779 
6 0.925 O.996 1.087 1.204 
9 1.150 1.238 1.341 1.475 
12 1.317 1.417 1.525 1.667 
18 1.550 1.667 1.800 1.958 
23 1.683 1.813 1.950 2.121 
2k + u n d e r ­
d r a i n 1.708 1.842 1.937 2.154 
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Run N o . 5 - F i l t e r N o . 2 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.00 6.07 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.042 0.100 0.138 0.163 0.179 0.200 0.228 
2 0.075 0.150 0.221 0.262 0.292 0.325 0.369 
3 0.104 0.191 0.262 0.317 0.354 0.396 0.452 
6 0.191 0.279 0.350 0.421 0.471 0.529 0.602 
9 0.271 0.349 0.425 0.496 0.550 0.613 0.686 
12 0.341 0.416 0.495 0.562 0.617 0.677 0.752 
18 0.466 0.538 0.620 0.679 0.742 0.804 0.869 
23 0.566 0.645 0.720 0.771 0.842 0.904"" 0.969 
24 + u n d e r ­
d r a i n 0.585 O.674 0.7̂ 9 0.800 0.871 0.929 0.990 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 7.05 8.00 9.10 10.00 11.00 12.00 13.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.234 0.262 0.292 0.317 0.337 0.371 0.400 
2 0.392 0.437 0.492 0.529 0.562 0.629 0.675 
3 0.483 0.537 0.592 0.642 0.683 0.758 0.817 
6 O.650 0.712 0.788 0.850 0.904 0.996 1.075 
9 0.742 0.820 0.909 0.979 1.045 1.154 1.246 
12 0.808 0.894 0.984 1.063 1.133 1.254 1.358 
18 0.933 1.020 1.109 1.188 1.258 1.379 1.500 
23 1.033 1.120 1.205 1.283 1.354 1.479 1.600 
24 + u n d e r ­
d r a i n I.058 1.145 1.234 1.313 1.383 1.504 1.633 
B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 14.00 15.00 16.00 17.00 
S u r f a c e 0.000 0.000 0.000 0.000 
1 0.430 0.467 0.517 O.566 
2 0.730 0.800 0.880 O.966 on 0.884 O.967 1.067 1.171 
6 1.150 1.250 1.375 I.496 
9 1.330 1.442 1.575 1.712 
12 1.442 1.571 1.709 1.862 
18 1.580 1.713 1.814 2.021 
23 1.675 1.809 1.950 2.116 
24 + u n d e r ­
d r a i n 1.700 1.834 1.971 2.146 
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Run N o . 5 - F i l t e r N o . 3 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.00 6.07 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 O.Okl 0.151 0.200 0.214 0.259 0.283 0.333 
2 0.083 0.226 0.309 0.346 0.425 0.479 0.550 
3 0.116 0.251 0.351 o.4o8 0.504 0.576 0.675 
6 O.I87 0.321 0.426 0.500 0.617 0.716 0.850 
9 0.262 0.392 0.496 0.566 0.688 0.787 0.933 
12 0.328 0.459 0.563 0.638 0.75̂  0.854 1.000 
18 0.466 0.584 0.692 0.758 0.879 0.979 1.121 
23 0.557 0.688 0.792 0.858 0.979 1.079 1.225 
24 + u n d e r ­
d r a i n 0.583 0.709 0.817 0.879 1.000 1.104 1.250 
F i l t r a t i o n T ime ( h o u r s ) 
B e d D e p t h 7.02 8.00 9.10 *10.00 11.00 12.00 13.00 
( i n c h e s ) ( d e l e t e ) (9.50) (10.50) (11.50: 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.333 0.384 0.446 0.458 0.446 0.516 0.554 
2 O.567 O.659 0.750 0.775 0.763 0.887 0.946 
3 O.69I 0.808 0.933 0.963 0.946 1.058 1.188 
6 O.883 1.017 1.183 1.217 1.204 1.391 1.492 
9 O.983 1.133 1.317 1.363 1.35̂  1.566 1.683 
12 1.050 1.208 1.400 1.454 1.454 1.675 1.808 
18 1.175 1.329 1.533 1.583 1.584 1.816 1.950 
23 1.275 1.433 1.633 I.692 1.688 1.921 2.054 
2k + u n d e r ­
d r a i n 1.299 1.454 1.654 1.713 1.717 1.941 2.075 
F i l t r a t i o n T i m e ( h o u r s ) 
B e d D e p t h 14.00 15.00 16.00 17.00 
( i n c h e s ) (12.50) (13.50) (14.50) (15.50) 
S u r f a c e 0.000 0.000 0.000 0.000 
1 0.592 0.662 0.684 0.750 
2 1.017 1.125 1.163 1.258 
3 1.288 1.416 1.475 1.621 
6 1.617 1.775 1.838 2.008 
9 1.825 2.008 2.075 2.262 
12 1.958 2.154 2.230 2.437 
18 2.121 2.329 2.413 2.637 
23 2.225 2.44i 2.513 2.746 
2k + u n d e r ­
d r a i n 2.246 2.462 2.542 2.766 
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Run N o . 5 - F i l t e r N o . 4 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0 . 0 0 1.00 2 . 0 0 3 . 0 0 4 . 0 0 5 . 0 0 6 . 0 5 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.041 0.046 O.O58 0.074 O.O76 0.083 0.087 
2 0.077 0.088 0.108 0.122 0.134 0.150 0.158 
3 0.102 0.12.1 0.137 0.158 0.175 0.183 0.200 
6 0.194 0.213 0.241 0.266 0.288 0.308 0.333 
9 0.236 0.283 0.308 o.34i 0.375 0.396 0.425 
12 0.306 0.350 0.379 0.420 0.459 0.479 0.516 
18 0.423 0.483 0.508 0.553 0.592 0.625 0.662 
23 0.519 0.579 0.608 0.649 0.692 0.720 O.766 
24 + u n d e r ­
d r a i n 0.553 0.613 0.637 0.716 0.721 0.750 0.791 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 7.00 8.00 9.10 10.00 11.00 12.00 13.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.100 0.104 0.108 0.116 0.121 0.133 o. i46 
2 0.174 O.I87 0.196 0.212 0.225 0.241 0.263 
3 0.224 0.237 0.254 0.275 0.292 0.312 0.333 
6 0.341 0.387 o.4o8 0.433 0.459 0.491 0.525 
9 0.470 0.495 0.529 O.562 0.592 0.629 0.667 
12 0.558 O.587 0.629 0.666 0.700 0.750 0.788 
18 0.716 0.7^9 0.792 0.841 0.880 0.933 0.983 
23 0.816 O.858 0.908 0.958 1.000 1.058 1.108 
24 + u n d e r ­
d r a i n 0.849 0.887 0.938 O.987 1.030 1.087 1.142 
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Run N o . 5 - F i l t e r No 4. ( c o n t i n u e d ) 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 14.00 15.00 16.00 17.00 
S u r f a c e 0.000 0.000 0.000 0.000 
1 0.158 0.171 O . I 8 3 0.191 
2 0.283 0.304 0.325 0.345 
3 0.358 0.387 o.4o8 0.437 
6 0.558 0.596 0.621 0.662 
9 0.700 0.746 0.783 0.829 
12 0.825 0.875 0.917 0.962 
18 1.033 1.087 1.133 1.195 
23 1.158 1.221 1.275 1.337 
24 + u n d e r ­
d r a i n 1.196 1.258 1.308 1.370 
*A m a l f u n c t i o n i n t h e m a n o m e t e r s u p p r e s s o r s y s t e m r e s u l t e d i n d i s t u r ­
b a n c e o f t h e f i l t e r b e d i n F i l t e r Number 3 d u r i n g Run 5. I n o r d e r t o 
c o m p e n s a t e f o r t h i s m i s h a p , a l l d a t a a f t e r 9«10 h o u r s w a s s h i f t e d 1.5 
h o u r s t o w a r d t h e o r i g i n . T h e d a t a f o r 10.00 h o u r s w a s d e l e t e d . T h e 
n u m b e r s i n p a r e n t h e s i s a r e t h e a d j u s t e d t i m e s . 
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Run N o . 6 - F i l t e r N o . 1 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.00 6.02 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.012 0.450 O.996 1.608 2.100 2.571 3-142 
2 0 . 0 4 1 0.533 I.278 2.200 3.096 3.925 4.834 
3 0.066 O.558 1.305 2.216 3-121 3.975 4 . 9 4 6 
6 0.137 0.629 1.380 2.291 3.192 4.050 5.021 
9 0.208 0.700 1.442 2.358 3.267 4.125 5.088 
12 0.274 0.775 1.530 2.433 3.338 4.192 5.159 
18 0.408 0.904 1.659 2.566 3.471 4.321 5.288 
23 0 .500 O.996 1.755 2.654 3.563 4.421 5.379 
24 + u n d e r ­
d r a i n 0.5.16 1.016 1.775 2.675 3.579 4.442 5 . 4 0 0 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 8.62 9.52 10.50 
S u r f a c e 0.000 0.000 0.000 
1 3.368 3.601 4.163 
2 6.772 7.564 8.830 
3 7 . 1 1 4 8.031 9.321 
6 7.218 8.168 9 . 4 8 8 
9 7 - 2 9 3 8.243 9.555 
12 7.359 8.314 9.621 
18 7.493 8.443 9.751 
23 7.593 8.535 9.855 
24 + u n d e r ­
d r a i n 7.6l4 8.556 9.871 
Run N o . 6 - F i l t e r N o . 2 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.58 7.92 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.117 O.87O 1 . 7 4 6 1.925 3.737 4.837 7.687 
2 0.150 1.008 2.121 3.525 4.916 6.941 10.854 
3 0.179 1.037 2.146 3.554 4.966 7.o4i 11.075 
6 0.263 1.120 2.229 3.637 5.049 7.128 11.216 
9 0.338 1.195 2.300 3.712 5.124 7.203 11.291 
12 0.408 1.262 2.367 3.779 5.187 7.270 11.358 
18 0.525 1.387 2.492 3.896 5.308 7.387 11.479 
23 0.617 1.474 2.584 3.987 5.395 7.474 11.571 
24 + u n d e r ­
d r a i n 0.637 1.495 2.604 4.008 5.416 7.495 11.591 
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Run N o . 6 - F i l t e r N o . 3 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0.00 1.00 2.00 3.00 4.00 5.00 6.00 
S u r f a c e 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
1 0.033 0.209 0.396 o.6o4 0.825 1.112 1.762 
2 0.067 0.317 0.583 0.908 1.267 1.708 2.546 
3 O.O96 0.350 0.663 1.037 1.458 1-995 2.929 
6 0.171 0.425 0.746 1.154 1.621 2.212 3.179 
9 0.246 0.500 0.821 1.229 I.696 2.291 3.275 
12 0.317 0.567 O.896 1.300 1.767 2.362 3-346 
18 0.446 0,696 1.013 1.425 I.892 2.487 3.471 
23 0.538 0.792 1.109 1.520 1.987 2.583 3.566 
24 + u n d e r ­
d r a i n 0.559 0.813 1.133 l.54l 2.008 2.608 3.591 
B e d D e p t h F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 7.50 8.97 10.00 
S u r f a c e 0.000 0.000 0.000 
1 2.654 3.479 3.826 
2 4.046 5.̂ o4 6.476 
3 4.579 5.950 6.989 
6 4.866 6.291 7.368 
9 5.016 6.471 7.568 
12 5.087 6.554 7.676 
18 5.216 6.679 7.801 
23 5.312 6.779 7.893 
2k + u n d e r ­
d r a i n 5-333 6.800 7.918 
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Run N o . 6 - F i l t e r N o . 4 
B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 0 . 0 0 1 . 0 0 2 . 0 0 3 . 0 0 4 . 0 0 5 . 0 0 5 . 9 8 
S u r f a c e 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 
1 0 . 0 3 4 0 . 1 1 3 0 . 1 3 3 0 . 1 5 9 0 . 1 7 5 0 . 2 0 0 0 . 2 3 3 
2 0 . 0 6 7 0 . 1 8 8 0 . 2 1 2 0 . 2 4 2 0 . 1 9 2 0 . 3 0 8 0 . 3 5 0 
3 0 . 0 9 2 0 . 2 1 7 0 . 2 6 2 0 . 3 0 0 0 . 3 3 3 0 . 3 7 5 0 . 4 2 1 
6 O . 1 6 7 0 . 3 0 0 0 . 3 7 9 0 . 4 3 8 0 . 4 7 9 0 . 5 3 3 0 . 5 8 3 
9 0 . 2 4 6 0 . 3 7 5 0 . 4 5 8 0 . 5 4 2 0 . 6 0 0 0 . 6 6 2 0 . 7 2 1 
1 2 0 . 3 1 7 0 . 4 5 0 0 . 5 3 3 0 . 6 1 7 0 . 7 0 0 • 0 . 7 7 1 0 . 8 3 7 
1 8 0 . 4 5 0 0 . 5 8 4 C . 6 6 6 0 . 7 5 5 0 . 8 3 3 0 . 9 2 1 1 . 0 1 6 
2 3 O . 5 5 O O . 6 7 9 0 . 7 5 8 0 . 8 5 0 O . 9 2 9 1 . 0 1 7 1 . 1 0 8 
2 4 + u n d e r ­
d r a i n 0 . 5 7 1 0 . 7 0 4 0 . 7 8 3 0 . 8 7 5 0 . 9 5 4 1 . 0 3 7 1 . 1 3 3 
B e d D e p t h F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 7 . 5 0 9 - 1 3 1 0 . 0 8 
S u r f a c e 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 
1 0 . 2 4 2 0 . 2 1 5 0 . 3 0 0 
2 0 . 3 7 9 0 . 4 1 9 0 . 5 2 1 
3 0 . 4 5 4 0 . 4 3 2 0 . 6 2 5 
6 0 . 5 9 2 0 . 7 1 1 0 . 8 3 0 
9 0 . 7 7 5 0 . 8 7 1 0 . 9 9 2 
1 2 0 . 9 0 0 1 . 0 0 7 1 . 1 4 2 
1 8 1 . 1 1 3 1 . 2 4 0 I . 3 8 0 
2 3 1 . 2 1 7 1 . 3 6 9 1 . 5 1 7 
2 4 + u n d e r ­
d r a i n 1 . 2 4 2 1 . 3 9 3 1 . 5 5 0 
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P e n e t r a t i o n D a t a 
Run Number 3 
V i s u a l P e n e t r a t i o n 
( i n c h e s ) 
F i l t r a t i o n 
T ime 
( h o u r s ) F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
0.00 0.0 0.0 0.0 0.0 
5-35 2.3 3.2 1-5 2.1 
7.^5 2.8 4.4 2.0 2.9 
9-50 3.2 5.5 2.5 3.5 
10.08 3.4 5.9 2.6 3.8 
11.45 3.8 6.5 3.0 4.0 
NOTE: P h o s p h a t e pump o p e r a t e d o n l y f r o m 2:00 t o 3:00 h o u r s . 
Run Number 4 
V i s u a l P e n e t r a t i o n 
( I n c h e s ) 
F i l t r a t i o n 
T ime 
( h o u r s ) F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
0.00 0.0 0.0 0.0 0.0 
0.25 0.4 0.2 0.5 0.8 
O.58 0.5 0.3 1.2 1.2 
0.80 0.6 0.4 1.8 2.0 
1.13 0.7 0.8 2.9 2.6 
2.15 0.8 0.9 4.8 4.1 
3.05 1.0 1.4 5.9 h.9 4.20 1.4 1-9 6,8 6.2 
6.25 2.0 2.5 9.0 8.2 
7.40 - - - 8.8 
7.83 - - - 9.0 
8.25 - - - 9.0 
8.33 2.5 2.9 11.0 -
9.25 - - - 9-1 
10.12 3.2 3.4 12.5 9.1 
11.92 3.5 3.6 12.8 10.0 
13.33 4.0 4.0 14.2 10.7 
14.50 - - - 11 .1 
15.58 - - - 11.9 
16.67 _ - - 12.2 
NOTE: P h o s p h a t e pump s h u t o f f a f t e r 7.25 h o u r s o f o p e r a t i o n . 
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Run Number 5 
V i s u a l P e n e t r a t i o n 
( i n c h e s ) 
F i l t r a t i o n 
T ime 
( h o u r s ) F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
0.00 0.0 0.0 0.0 0.0 
0.50 1-9 1.5 1.1 2.9 
1.00 3.2 2.2 1-9 7.0 
1.50 4.0 3.0 2.5 7.5 
2.17 6.2 3.5 3.1 8.4 
3.17 9.1 5.0 4.5 11.0 
4.07 10.8 5-9 5.8 15.2 
5.05 13.2 7-0 7-0 17.5 
6.13 14.8 8.4 8.6 19.5 
7.08 17.6 8.6 9.6 21.1 
8.05 18.2 9.6 10.0 22.5 
9.20 20.2 11.2 12.1 24.0 
10.07 20.4 11.8 12.8 -
IO.92 21.1 12.0 14.1 -
12.08 22.2 13.1 16.0 -
13.07 23.5 14.4 I6.9 -
14.08 24.0 14.4 17.0 -15.08 _, 14.7 17.2 -
16.08 - 14.9 17.9 -
17.07 - 15.5 18.2 -
Run Number 6 
V i s u a l P e n e t r a t i o n 
( i n c h e s ) 
F i l t r a t i o n 
T i m e 
( h o u r s ) F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
0.00 0.0 0.0 0.0 0.0 
0.08 0.2 0.2 0.4 0.8 
O.58 0.6 0.8 2.0 2.5 
1.17 0.8 1.1 2.8 5.0 
1.50 0.9 1.2 2.9 5.4 
2.05 1.8 2.0 3.5 7-0 
2.92 1.8 2.1 4.4 9.2 
3.97 2.8 2.9 5-5 11.8 
4.97 3.0 3.2 6.8 14.3 
5.92 3.1 4.0 7.1 16.2 
8.00 3.8 5.5 9.2 20.8 
9.50 4.2 - 10.2 24.0 
10.55 5.2 - 12.0 -
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I r o n D a t a 
Run Number 4 
I n f l u e n t I r o n C o n c e n t r a t i o n 
( m g / l ) 
F i l t r a t i o n 
T ime 
( h o u r s ) F i l t e r .1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
0.00 „ 1.66 2.68 2.60 
1.08 2.30 2.74 6.86 4.34 
2.00 2.36 2.58 6.86 4.24 
4.08 2.72 2.56 6.84 3.96 
6.17 3.38 3.12 8.12 4.00 
8.42 4.08 2.96 7.46 3.46 
10.13 3.86 - 6.98 4.26 
12.00 3.50 2.70 6.28 4.30 
13.00 - - - 4.76 
13.05 _ 2.52 - -
13.10 _ - 6.56 -
13.15 3.06 - - -
1 4 . 5 0 _ - - 4.44 




A v e r a g e 3.l6 2.60 4.17 
Run Number 5 
I n f l u e n t I r o n C o n c e n t r a t i o n 
( m g / l ) 
F i l t r a t i o n 
T ime 
( h o u r s ) F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
0.92 5-14 2.56 3.84 3.36 
2.10 6.24 2.60 3.80 3.4o 
3.20 6.54 2.72 3.86 3.72 
4.10 6.34 2.72 - 4.20 
5.15 6.00 2.84 4.60 3.72 
6.17 5.74 3.14 4.54 3.84 
7.10 5.34 3.06 4.26 3.84 
8.05 6.46 3.48 4.22 4.08 
9.25 5.52 2.84 4.26 4.12 
10.13 5.52 2.92 4.20 4.10 
11.08 5.50 3.00 4.20 4.06 
( c o n t i n u e d ) 
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Run Number 5 ( c o n t i n u e d ) 
( h o u r s ) F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
12.10 5-72 3.10 4.26 4.24 
1.08 5.56 3.20 4.20 4.20 
2.13 5.56 3.14 4.32 4.20 
3.10 5.56 3.24 4.32 4.32 
4.20 5.42 3.44 4.26 4.20 
5.12 5.20 3.24 4.04 4.08 
A v e r a g e 5.73 3.01 4.20 3.9S 
Run Number 6 
I n f l u e n t I r o n C o n c e n t r a t i o n 
( m g / l ) 
F i l t r a t i o n 
T ime 
( h o u r s ) F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
1.07 2.96 3.48 4.44 4.20 
2.00 3.54 3.58 4.26 4.32 
3.08 4.06 4.44 4.70 5.12 
4.10 3.̂ 8 3.74 4.56 4.64 
5.08 7.56 3.44 4.56 4.52 
6.03 3.36 3.68 4.90 5.56 
7.00 5.12 4.84 7.08 4.84 
8.oo 4.56 5.04 6.98 1.08 
9.00 5.66 - 7.44 4.84 
10.22 3.76 - 8.84 5.74 
A v e r a g e 4.46 4.02 5.7S 4.49 




T o t a l I r o n A p p l i e d V e r s u s H e a d L o s s 
Run Number 4 
F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
F i l t r a ­ T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l 
t i o n I r o n H e a d I r o n H e a d I r o n H e a d I r o n H e a d 
T i m e A p p l ' d L o s s A p p l 1 d L o s s A p p l ' d L o s s A p p l ' d L o s s 
( h o u r s ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) 
0 . 0 0 0 .00 0.550 0 . 0 0 O.596 0 . 0 0 0.609 0 . 0 0 O.567 
0 . 5 0 35.24 O.69I 29.07 0.721 72.72 0.671 46 .51 0.600 
1.00 70.48 0 . 8 4 1 58.14 0.870 1 4 5 . 4 4 0.750 9 3 . 0 1 o . 6 4 i 
1.50 105.72 1.083 87.21 1.129 218.16 O.859 139 .51 0.688 
2 . 0 0 140.96 1.262 116 .28 1.383 290.87 O.98O 186.02 0.704 
3-00 2 1 1 . 4 4 1.750 174.42 1 .933 436.31 1.254 279.03 0.788 
4 . 0 0 - - 232.56 2 . 5 3 7 581.75 1 .545 372.04 0.867 
5.00 352.40 2.909 290.70 3.196 727.18 1.867 465.05 0.929 
6 .00 422.88 3 . 6 l6 3 4 8 . 8 4 3.966 872.62 2.196 558.06 1.013 
6 . 5 0 458.12 3.925 377.91 4.391 9 4 5 . 3 4 2.421 - -
7 . 2 5 - - - - - 614.32 1.037 
7.67 540.37 4.855 445.76 5.059 1115.07 3.039 7 i 3 . l l 1.297 
8.42 593.23 5 .518 489.36 5.718 1224.14 3.923 782.87 1.667 
9.50 669.56 6.411 552.33 6.607 - - - -
10.08 - - - - 1 4 6 6 . 4 4 5.607 957.82 2 . 5 7 4 
1 1 . 0 0 - - 1599.81 6.516 1 0 2 3 . 1 1 3.269 
1 1 . 3 3 798.75 7 . 9 9 5 658.90 8.186 - - -
1 2 . 0 0 845.76 8.389 697.68 8.498 - - - -
12.42 - - - - 1805.89 8.191 1154 .91 3.875 
1 4 . 0 0 - - - - - - 1302.14 4 . 9 7 9 
1 5 . 0 0 - - - - - - 1395.15 5 .776 
16.00 - - - - - - 1488 .18 6 . 5 9 5 
S e e NOTE f o r Run 4 i n A p p e n d i x A . 
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Run Number 5 
F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
F i l t r a ­ T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l 
t i o n I r o n H e a d I r o n H e a d I r o n H e a d I r o n H e a a 
T i m e A p p l'd L o s s A p p l 1 a L o s s A p p l 1 d L o s s A p p l ' a L o s s 
( h o u r s ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) 
0.00 0.00 0.533 0.00 O.585 0.00 0.583 0.00 0.553 
1.00 127.80 0.583 67.27 0.674 93.72 0.709 88.86 0.613 
2.00 255.60 0 . 6 4 9 134.55 0.749 187.44 0.817 177.71 0.637 
3-00 383.40 0.729 201.82 0.800 281.17 0.879 266.57 0.716 
4.00 511.20 0.795 269.09 0.871 374.89 1.000 355-42 0.721 
5.00 639.00 0.870 336.37 O.929 468.61 i . i o 4 444.28 0.750 
6.05 - - - - - - 537.58 0.791 
6.07 - - 408.15 0.990 568.61 1.250 - -
7.00 - - - - - - 621.99 0 . 8 4 9 
7.02 - - - - 657.65 1.299 - -
7.05 - - 474.27 1.058 - - - -
7.08 905.21 O.958 - - - - - -
8.00 1022.40 I.067 538.18 1.145 749.78 1.454 710.85 0.887 
9.10 II62.98 1.171 612.18 1.234 852.87 1.654 808.59 O.938 
9.50 - - - - 890.36 1.717 - -
10.00 1278.00 1.255 672.73 1.313 - - 888.56 O.987 
10.50 - - - - 984.08 i . 9 4 i - -
11.00 1 4 0 5 . 8 4 1.371 740.00 1.383 - - 977.42 1.030 
11.50 - - - - 1077.80 2.075 - -
12.00 1533.65 1.479 807.28 1.504 - - 1066.27 I.087 
12.50 - - - - 1171.53 2 . 2 4 6 - -13.00 1661.45 1-575 874.55 1.633 - - 1155.13 1.142 
13.50 - - - - 1265.25 2.462 - -
14.00 1789.26 1.708 941.82 1.700 - - 1243.98 1.196 
14.50 - - - - 1358.97 2 . 5 4 2 - -
15.00 1917.06 1 . 8 4 2 1009.09 1.834 - - 1332 . 8 4 1.258 
15.50 - - - - 1452.69 2.766 - -
16.00 2044.86 1.987 1076.37 1.971 - - 1421.70 1.308 
17.00 2172.67 2.154 1 1 43 . 6 4 2.146 - - 1510.55 1.370 
S e e NOTE f o r Run 5, F i l t e r 3 i n A p p e n a i x A 
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Run Number 6 
F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
F i l t r a ­ T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l T o t a l 
t i o n I r o n H e a d I r o n H e a d I r o n H e a d I r o n H e a d 
T i m e A p p l ' d L o s s A p p l ' d L o s s A p p l * d L o s s A p p l ' d L o s s 
( h o u r s ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) ( m g F e ) ( f t ) 
0 . 0 0 0 . 0 0 0 . 5 1 6 0 . 0 0 0 . 6 3 7 0 . 0 0 0 . 5 5 9 0 . 0 0 0 . 5 7 1 
1.00 9 9 - 4 6 1 . 0 1 6 8 9 . 8 4 1 .495 1 2 8 . 9 2 0 . 8 1 3 1 0 0 . 1 3 0 . 7 0 4 
2 . 0 0 1 9 8 . 9 2 1 .775 1 7 9 . 6 8 2 . 6 0 4 2 5 7 . 8 4 1 . 1 3 3 2 0 0 . 2 6 0 . 7 8 3 
3 .00 2 9 8 . 3 8 2 . 6 7 5 2 6 9 . 5 2 4 . 0 0 8 3 8 6 . 7 6 1 . 5 4 1 3 0 0 . 3 9 0 . 8 7 5 
4 . 0 0 397-84 3 . 5 7 9 3 5 9 . 3 6 5 . 4 l 6 5 1 5 . 6 8 2 . 0 0 8 4 0 0 . 5 2 0 . 9 5 4 
5 .00 4 9 7 . 3 0 4 . 4 4 2 - - 6 4 4 . 6 0 2 . 6 0 8 5 0 0 . 6 5 1 . 0 3 7 
5 .58 - - 5 0 1 . 5 8 7 . 4 9 5 - - - -
5 - 9 8 - - - - - - 5 9 9 . 0 8 1 . 1 3 3 
6 . 0 0 - - - - 7 7 3 . 5 2 3 . 5 9 1 - -
6 . 0 2 5 9 8 . 4 5 5 .400 - - - - -
7 . 5 0 - - - - 9 6 6 . 9 0 5 .333 7 5 0 . 9 7 1 .242 
7 . 9 2 - - 7 1 1 . 2 6 1 1 . 5 9 1 - - -
8 . 6 2 8 5 7 . 0 5 7 . 6 1 4 - - - - - -
8 . 9 7 - - - - 1 1 5 6 . 0 3 6 . 8 0 0 - -
9 . 1 3 - - - - - 9 1 4 . 4 9 1-393 
9 . 5 2 9 4 6 . 3 6 8 . 5 5 6 - - - - - -
1 0 . 0 0 - - - 1 2 8 9 . 2 0 7 . 9 1 8 - -
1 0 . 0 8 - - - - - - 1 0 0 9 . 6 1 1 . 5 5 0 
1 0 . 5 0 1 0 4 4 . 3 3 9 . 8 7 1 - - - - - -
1 4 2 
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T o t a l I r o n A p p l i e d V e r s u s P e n e t r a t i o n 
Run Number 4 
F i l t e r 1 F i l t e r • 2 F i l t e r 3 F i l t e r 4 
F i l t r a ­ T o t a l P e n e ­ T o t a l P e n e ­ T o t a l P e n e ­ T o t a l P e n e ­
t i o n I r o n t r a ­ I r o n t r a ­ I r o n t r a ­ I r o n t r a ­
T ime A p p l ' d t i o n A p p l ' d t i o n A p p l ' d t i o n A p p l ' d t i o n 
( h o u r s ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) 
0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 
0 .25 17.62 0.4 14 .53 0.2 36.36 0.5 23.25 0.8 
0.58 41 .10 0.5 33.90 0.3 84 .79 1.2 54.22 1.2 
0.80 56.39 0.6 46 . 51 0.4 116.35 1.8 74.41 2.0 
1.13 79.87 0.7 65.87 0.8 164.78 2.9 105.38 2.6 
2 . 1 5 151.55 0.8 125.00 0.9 312.69 4.8 199.97 4.1 
3 .05 214 .99 1.0 177.32 1.4 443.58 5.9 283.68 4.9 
4.20 296.06 1.4 244 . 19 1-9 610.84 6.8 390.64 6.2 
6 . 25 440.56 2.0 363.37 2.5 908.98 9.0 581.31 8.2 
7 . 4 0 - - - - - - 688.27 8.8 
7.83 - - - - _ 728.55 9.0 
8 .25 - - - - - - 767.33 9.0 
8.33 587.39 2.5 4 8 4 . 4 8 2.9 1211.93 11.0 - -
9 . 2 5 - - - - - - 860.34 9.1 
10.12 713.08 3.2 588.14 3.4 1471.24 12.5 940 .89 9.1 
11.92 840.03 3.5 692.85 3.6 1733.17 12.8 1108.40 10.0 
13.33 939-84 4.0 775.18 4.0 1939.11 14 . 2 1240.10 10.7 
14 .50 - - - - - - 1348.65 11 .1 
15.58 - - - - - 1449 .37 11.9 
16.67 - - - - - 1530.20 12.2 
P h o s p h a t e pump s h u t o f f a f t e r 7«25 h o u r s o f o p e r a t i o n . 
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Hun Number 5 
F i l t e r 1 F i l t e r 2 
F i l t e r 3 F i l t e r 4 F i l t r a ­ T o t a l P e n e ­ T o t a l P e n e ­ T o t a l P e n e ­ T o t a l P e n e ­
t i o n I r o n t r a ­ I r o n t r a ­ I r o n t r a ­ I r o n t r a ­
T ime 
Appl 'a 
t i o n 
Appl 'a 
t i o n 
Appl 'a 
t i o n 
Appl 'a 
t i o n 
( h o u r s ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) 
0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 
0.50 63.90 1.9 33.64 1-5 46.86 1.1 44.43 2.9 1.00 127.80 3.2 67.27 2.2 93.72 1.9 88.86 7.0 1.50 191.71 4.'o 100.91 3.0 140.58 2.'5 133.28 7.5 2.17 276.95 6.2 145.78 3.5 203.10 3.1 192.55 8.4 3.17 404.76 9-1 213.05 5.0 296.82 4.5 281.41 11.0 4.07 519.78 10.8 273.60 5.9 381.17 5.8 361.38 15.2 5.05 6 4 5 . 4 1 13.2 339.72 7.0 473.30 7.0 448.72 17.5 6.13 783.82 14.8 412.58 8.4 574.80 8.6 544.95 19.5 7.08 905.24 17.6 476.49 8.6 663.83 9.6 629.37 21.1 8.05 1028.82 18.2 541.54 9.6 754.46 10.0 715.29 22.5 9.20 1175.80 20.2 618.90 11.2 862.24 12.1 817.48 24.0 10.07 1286.60 20.4 677.23 11.8 943.50 12.8 - -10.92 1395-24 21.1 734.41 12.0 1023.16 i4.i - -12.08 1544.26 22.2 812.85 13.1 1132.44 16.0 - -13.07 1670.01 23.5 879.04 14.4 1224.67 16.9 - -
14.08 1799.86 24.0 9̂7-39 14.4 1319.89 17.0 - -15.08 - - 1014.66 14.7 1413.61 17.2 - -16.08 - - 1081.94 14.9 1507.33 17.9 - -17.07 - - 1148.13 15.5 1599.55 18.2 - -
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Run Number 6 
F i l t e r 1 F i l t e r 2 F i l t e r 3 F i l t e r 4 
F i l t r a ­ T o t a l P e n e ­ T o t a l P e n e ­ T o t a l P e n e ­ T o t a l Pene ­
t i o n I r o n t r a ­ I r o n t r a ­ I r o n t r a ­ I r o n t r a ­
T ime A p p l ' d t i o n A p p l ' d t i o n A p p l ' d t i o n A p p l ' d t i o n 
( h o u r s ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) ( m g F e ) ( i n ) 
0.00 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 
0.08 8.26 0.2 7.46 0.2 10.70 0.4 8.31 0.8 
O.58 57.99 0.6 52.38 0.8 75.16 2.0 58.38 2.5 
1.17 116.07 0.8 104.84 1.1 150.45 2.8 116.85 5.0 
1.50 149.19 0.9 134.76 1.2 193.38 2.9 150.19 5.4 
2.05 203.89 1.8 184.17 2.0 264.29 3.5 205.27 7.0 
2.92 290.03 1.8 261.97 2.1 375.93 4.4 291.98 9.2 
3.97 394.56 2.8 356.40 2.9 511.43 5.5 397.22 11.8 
4.97 494.02 3.0 4 4 6 . 2 4 3.2 640.35 6.8 497.35 14.3 
5.92 588.41 3.1 531.49 4.0 762.69 7.1 592.37 16.2 
8.00 795.68 3.8 718.72 5.5 1031.36 9.2 801.04 20.8 
9.50 941.87 4.2 - - 1224.74 10.2 951.24 24.0 
10.55 1049.30 5-2 - - 1360.10 12.0 - -
1 4 5 
APPENDIX F 
H e a d L o s s p e r I n c h o f F i l t e r D e p t h V e r s u s T i m e 
Run N o . 4 - F i l t e r N o . 4 
B e d D e p t h 
I n t e r v a l F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 0.00 2.00 4.00 6.00 8 . 4 2 12.42 
0-1 0 . 0 2 5 0.112 0.175 0 . 2 2 5 O.693 1.933 
1-2 0.034 0.079 0.117 0 . 1 5 4 0 . 2 5 1 1.034 
2-3 0 . 0 2 5 0.042 0.066 0.080 0.100 0.179 
3-6 0.023 0.023 0.028 0.049 0.062 0.079 
6-9 0.024 0.024 0.024 0.026 o.o4o 0.052 
9-12 0 . 0 2 5 0.024 0.022 0.022 0.025 0.028 
12-18 0.024 0.023 0.024 0.023 0.022 0.023 
18-23 0.018 0.018 0.018 0.018 0.019 0.019 
23 - 2 4 + 0.033 0.021 0 . 0 2 5 0.025 0.021 0.021 
U n d e r d r a i n 
6 - 2 4 + 0 . 0 2 5 0 . 0 2 2 0.023 0.023 0.025 0.029 
U n d e r d r a i n 
Run No 4 . -- F i l t e r N o . 4 ( c o n t i n u e d ) 
B e d D e p t h 
T i m e ( h o u r s ) I n t e r v a l F i l t r a t i o n 
( i n c h e s ) 1 4.00 16.00 
0-1 2.737 3.737 
1-2 1 . 2 5 9 1.754 
2-3 0.221 0.291 
3-6 0.083 0.095 
6-9 0 . 0 5 4 0.057 
9-12 0.031 0.039 
12-18 0.022 0 . 0 2 4 
18-23 0.019 0.019 
2 3 - 2 4 + 0.029 0.021 
U n d e r d r a i n 
6-24+ 0.031 0.033 
U n d e r d r a i n 
1 4 6 
APPENDIX F ( C o n t i n u e d ) 
( i n c h e s ) 0 . 0 0 1 . 0 0 2 . 0 0 4 . 0 0 5 . 5 8 7 . 9 2 
0 - 1 0 . 1 1 7 O . 8 7 O 1 . 7 4 6 3 - 7 3 7 4 . 8 3 7 7 . 6 8 7 
1 - 2 0 . 0 3 3 0 . 1 3 8 0 . 3 7 5 1 . 1 7 9 2 . 1 0 4 3 . 1 6 7 
2 - 3 0 . 0 2 9 0 . 0 2 5 0 . 0 2 5 0 . 0 5 0 0 . 1 0 0 0 . 2 2 1 
3 - 6 0 . 0 2 8 0 . 0 2 8 0 . 0 2 8 0 . 0 2 8 0 . 0 2 9 0 . 0 4 7 
6 - 9 0 . 0 2 5 0 . 0 2 5 0 . 0 2 4 0 . 0 2 5 0 . 0 2 5 0 . 0 2 5 
9 - 1 2 0 . 0 2 3 0 . 0 2 2 0 . 0 2 2 0 . 0 2 1 0 . 0 2 2 0 . 0 2 2 
1 2 - 1 8 0 . 0 1 9 0 . 0 2 1 0 . 0 2 1 0 . 0 2 0 0 . 0 1 9 0 . 0 2 0 
1 8 - 2 3 0 . 0 1 8 0 . 0 1 7 0 . 0 1 8 0 . 0 1 8 0 . 0 1 8 0 . 0 1 8 
2 3 - 2 4 + 0 . 0 2 0 0 . 0 2 1 0 . 0 2 0 0 . 0 2 1 0 . 0 2 1 0 . 0 2 0 
U n d e r d r a i n 
3 - 2 4 + 0 . 0 2 2 0 . 0 2 2 0 . 0 2 2 0 . 0 2 2 0 . 0 2 2 0 . 0 2 5 
U n d e r d r a i n 
Run N o . 5 • - F i l t e r N o . 4 
B e d D e p t h 
T ime ( h o u r s ) I n t e r v a l F i l t r a t i o n 
( i n c h e s ) 0 . 0 0 2 . 0 0 4 . 0 0 6 . 0 5 8 . 0 0 1 0 . 0 0 
0 - 1 0 . 0 4 1 O . O 5 8 0 . 0 7 6 0 . 0 8 7 0 . 1 0 4 0 . 1 1 6 
1 - 2 0 . 0 3 6 0 . 0 5 0 O . O 5 8 0 . 0 7 1 0 . 0 8 3 O . O 9 6 
2 - 3 0 . 0 2 5 0 . 0 2 9 0 . 0 4 1 0 . 0 4 2 0 . 0 5 0 O . O 6 3 
3 - 6 0 . 0 3 1 0 . 0 3 4 0 . 0 5 1 0 . 0 4 4 0 . 0 5 0 0 . 0 5 3 
6 - 9 0 . 0 1 4 0 . 0 2 2 0 . 0 2 9 0 . 0 3 1 0 . 0 3 6 0 . 0 4 3 
9 - 1 2 0 . 0 2 3 0 . 0 2 3 0 . 0 2 8 0 . 0 3 0 0 . 0 3 1 0 . 0 3 5 
1 2 - 1 8 0 . 0 1 9 0 . 0 2 1 0 . 0 2 2 0 . 0 2 4 O . 0 2 7 0 . 0 2 9 
1 8 - 2 3 0 . 0 1 9 0 . 0 2 0 0 . 0 2 0 0 . 0 2 1 0 . 0 2 2 0 . 0 2 3 
2 3 - 2 4 + 0 . 0 3 4 0 . 0 2 9 0 . 0 2 9 0 . 0 2 5 0 . 0 2 9 0 . 0 2 9 
U n d e r d r a i n 
9 - 2 4 + 0 . 0 2 4 0 . 0 2 3 0 . 0 2 5 0 . 0 2 5 0 . 0 2 7 0 . 0 2 9 
U n d e r d r a i n 
Run N o . 5 - F i l t e r N o . 4 ( c o n t i n u e d ) 
B e d D e p t h I n t e r v a l F i l t r a t i o n T i m e ( h o u r s ) 
( i n c h e s ) 1 2 . 0 0 1 4 . 0 0 1 7 . 0 0 
0 - 1 0 . 1 3 3 0 . 1 5 8 0 . 1 9 1 
1 - 2 0 . 1 0 8 0 . 1 2 5 0 . 1 5 4 
2 - 3 0 . 0 7 1 0 . 0 7 5 0 . 0 9 2 
3-6 0 . 0 6 3 O . O 6 7 0 . 0 7 5 
6 - 9 0 . 0 4 6 0 . 0 4 7 O . O 5 6 
9 - 1 2 0 . 0 4 0 0 . 0 4 2 0 . 0 4 4 
1 2 - 1 8 0 . 0 3 0 0 . 0 3 5 0 . 0 3 9 
1 8 - 2 3 0 . 0 2 5 0 . 0 2 5 0 . 0 2 8 
2 3 - 2 4 + U n d e r d r a i n 0 . 0 2 9 0 . 0 3 8 0 . 0 3 3 
9 - 2 4 + U n d e r d r a i n 0 . 0 3 1 0 . 0 3 5 O . 0 3 6 
Run N o . 6 - F i l t e r N o . 2 
B e d D e p t h 
I n t e r v a l F i l t r a t i o n T i m e ( h o u r s ) 
1 4 7 
APPENDIX F ( C o n c l u d e d ) 
Run N o . 5 - F i l t e r N o . 1 
B e d D e p t h 
I n t e r v a l F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 0 . 0 0 2 . 0 0 4 . 0 0 6 . 0 7 8 . 0 0 1 0 . 0 0 
0 - 1 0 . 0 2 1 0 . 0 5 0 O . O 5 8 0 . 0 7 1 O . O 6 3 0 . 0 8 4 
1 - 2 0 . 0 2 5 0 . 0 7 5 0 . 1 1 7 0 . 1 5 0 0 . 1 7 5 0 . 2 0 8 
2 - 3 0 . 0 3 3 0 . 0 4 2 O . O 5 8 0 . 0 8 3 0 . 0 8 3 0 . 1 0 0 
3 - 6 0 . 0 2 6 0 . 0 3 6 0 . 0 5 1 O . O 6 3 0 . 0 7 2 0 . 0 8 8 
6 - 9 0 . 0 2 4 0 . 0 2 3 0 . 0 3 5 0 . 0 4 6 0 . 0 5 0 0 . 0 5 7 
9 - 1 2 0 . 0 2 0 0 . 0 2 1 0 . 0 7 0 0 . 0 3 1 0 . 0 3 6 0 . 0 4 2 
1 2 - 1 8 0 . 0 2 1 0 . 0 2 1 0 . 0 6 4 0 . 0 2 2 0 . 0 2 5 0 . 0 2 9 
1 8 - 2 3 0 . 0 1 8 0 . 0 1 9 0 . 0 1 8 0 . 0 1 9 0 . 0 1 9 0 . 0 2 2 
2 3 - 2 4 + 0 . 0 2 5 0 . 0 2 0 0 . 0 2 0 0 . 0 2 1 0 . 0 2 5 0 . 0 2 1 
U n d e r d r a i n 
9 - 2 4 + 0 . 0 2 1 0 . 0 2 0 0 . 0 4 3 0 . 0 2 3 0 . 0 2 6 0 . 0 2 8 
U n d e r d r a i n 
Run N o . 5 - F i l t e r N o . 1 ( c o n t i n u e d ) 
B e d D e p t h 
I n t e r v a l F i l t r a t i o n T ime ( h o u r s ) 
( i n c h e s ) 1 2 . 0 0 1 4 . 0 0 1 7 . 0 0 
0 - 1 0 . 0 9 6 0 . 1 1 7 0 . 1 5 8 
1 - 2 O . 2 6 7 0 . 3 2 1 0 . 4 2 9 
2 - 3 0 . 1 2 5 0 . 1 4 5 0 . 1 9 2 
3 - 6 0 . 1 0 0 0 . 1 1 4 0 . 1 4 2 
6 - 9 O . 0 6 7 O . 0 7 8 0 . 0 9 0 
9 - 1 2 0 . 0 4 9 0 . 0 5 6 0 . 0 6 4 
1 2 - 1 8 0 . 0 3 5 0 . 0 3 9 0 . 0 4 8 
1 8 - 2 3 0 . 0 2 2 0 . 0 2 7 0 . 0 3 3 
2 3 - 2 4 + 0 . 0 2 5 0 . 0 2 5 0 . 0 3 3 
U n d e r d r a i n 
9 - 2 4 + 0 . 0 3 3 0 . 0 3 7 0 . 0 4 4 
U n d e r d r a i n 
APPENDIX G 
The E f f e c t o f pH o n t h e E l e c t r o p h o r e t i c M o b i l i t y o f S i l i c a 
M o b i l i t y 
pH j i / s e c / d L t / 1 
1 . 2 7 + 0 
2 . 0 3 - 0 . 7 5 
2 . 9 8 - 1 . 3 1 
3 . 9 1 - 1 . 8 2 
4 . 2 7 - I . 6 7 
6 . 1 8 - 2 . 0 9 
6 . 9 0 - 2 . 5 6 
7 . 0 2 - 2 . 5 6 
9 . 5 0 - 3 . 1 5 
9 . 6 2 - 3 . 3 8 
1 0 . 4 0 - 3 . 4 2 
1 1 . 9 2 - 3 . 9 9 
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